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Abstract
Basaltic volcanism is an important consequence of mid-ocean ridge (MOR) spreading. On
arrival in the crust and uppermost mantle, melts are processed in magma reservoirs prior to erup-
tion, leading to geochemical signals of mantle melting being obscured by mixing, crystallisation
and degassing processes. In order to use the compositions of primitive crystals to interrogate
both mantle melting and magma reservoir processes, it is thus important to understand not only
how crystals relate to the melt in which they are erupted, but the relationships between indi-
vidual compositional zones within crystals. The primary aim of this thesis is to combine diverse
geochemical, petrological and petrographic observations made at a range of scales on samples
from within single eruptions in order to investigate magmatic processes in basaltic plumbing
systems. Two eruptions in the Eastern Volcanic Zone (EVZ) of Iceland are used as examples
of basaltic magmatism throughout this thesis: the ad 1783–84 Laki (Skáftar Fires) eruption
and the subglacial Skuggafjöll eruption. The thesis is divided into three main studies: firstly,
an investigation into deep mixing and crystallisation processes in the Laki eruption; secondly,
an investigation into crystal storage and transfer within the Skuggafjöll eruption; and thirdly,
a melt inclusion study into records of concurrent mixing and CO2 exsolution in the Skuggafjöll
eruption. Finally, findings are synthesised within Icelandic and global frames of reference.
The trace element content of olivine-hosted melt inclusions indicates that concurrent mixing
and crystallisation of variable mantle melts occurred in the deep parts of the Laki plumbing
system. Published mineral-melt equilibria indicate that macrocryst rims are in equilibrium with
the carrier liquid erupted at the surface. High-anorthite plagioclase cores are more primitive than
any other crystal or melt inclusion composition in the magma and are never in equilibrium with
melts generated by fractional crystallisation models that assume a single liquid line of descent
related to the carrier liquid. Melt barometry indicates that the melt last equilibrated with
olivine, plagioclase and clinopyroxene in the shallow crust at 1–2 kbar, whereas clinopyroxene-
melt barometry suggests that the bulk of macrocryst growth occurred within the mid-crust at
2–5.4 kbar. The Laki eruption is striking because of its exceptional size and high eruption rates.
However, detailed study of crystal-melt relationships indicates that magmatic evolution in the
Laki system was governed by the same processes as smaller eruptions elsewhere in Iceland.
Statistically significant geochemical variability in whole-rock samples collected from across
the Skuggafjöll eruption can be accounted for by variable accumulation of a troctolitic assemblage
containing plagioclase and olivine in an approximately 9:1 ratio. Two macrocryst assemblages
are defined using compositional and textural information recorded in element maps: a primitive
assemblage and an evolved assemblage. Primitive macrocrysts crystallised from depleted melts in
the shallow crust. These macrocrysts were subsequently stored in mineralogically zoned crystal
mushes. Disaggregation of plagioclase-rich portions of the crystal mush then supplied primitive
macrocrysts to an evolved and enriched magma from which the evolved assemblage crystallised.
Striking petrological similarities between Skuggafjöll and other highly phyric eruptions indicate
that crystal accumulation by mush disaggregation is likely to be an important mechanism for
generating highly phyric basalts in basaltic plumbing systems, and that crystal recycling is a
widespread phenomenon.
Variation in the trace element content of melt inclusions from the Skuggafjöll eruption can
be accounted for by incomplete mixing of diverse mantle parental melts accompanied by variable
extents of fractional crystallisation. Surprisingly, the CO2 content of melt inclusions correlates
negatively with their degree of trace element enrichment, indicating that parental melts experi-
enced different degassing histories prior to melt inclusion entrapment. The negative correlation
between CO2 content and trace element enrichment may arise either from the more efficient ex-
solution of CO2 from enriched melts, or from the intrusion of CO2-supersaturated depleted melts
into enriched melts that had already exsolved much of their original CO2 contents. High pres-
sures recorded in depleted melt inclusions result from the development of CO2-supersaturation
during ascent of depleted melt. The identification of CO2-supersaturation has important impli-
cations for understanding the behaviour of volatiles in magmatic systems and interpretation of
melt inclusion data.
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Chapter 1
Introduction
1.1 Aims and objectives
Basaltic volcanism is an important consequence of mid-ocean ridge (MOR) spreading. On av-
erage, ∼20 km3 of magma is generated along the MOR system per year by aggregation of
near-fractional melts generated by adiabatic upwelling of the mantle (McKenzie & Bickle, 1988;
Kelemen et al., 1997). After separation from the mantle at low porosities (McKenzie, 1985),
primitive melts are transported to the surface. Melt transport probably occurs within high per-
meability channels (Kelemen et al., 1995a,b) that enable melts to reach the surface on timescales
of decades to millennia (Rubin et al., 2005; Stracke et al., 2006). One key implication of rapid
melt separation from the mantle is that primary melt variability will be preserved as long as
melts do not fully mix during transport (e.g. Spiegelman & Kelemen, 2003). Primary melt vari-
ability results from changes in melting reaction and melt fraction with depth in the upwelling
mantle column, as well as from changes in mantle source composition (Langmuir et al., 1992;
Walter, 1998). By studying the composition of primitive basalts erupted at the surface, it is
possible to probe the composition of the mantle and to investigate the melting process (e.g.
Gast, 1968; Allègre et al., 1984).
On arrival in the crust or uppermost mantle, melts start to crystallise as a result of heat loss
to the surrounding country rock (Korenaga & Kelemen, 1997; Koga et al., 2001; Maclennan et al.,
2001b; Maclennan, 2008b; Rubin et al., 2009). Thermal gradients resulting from this heat loss
drive vigorous, high Rayleigh number convection within magma reservoirs (e.g. Bartlett, 1969;
Worster et al., 1990). Convection stirs primitive melts together such that mixing by diffusive ho-
mogenisation erases the geochemical variability of primary melts recorded in passive tracers such
as incompatible trace element or isotope ratios (Maclennan et al., 2003a; Rubin & Sinton, 2007).
If crystals grow before mixing is complete, then primitive melt diversity can be reconstructed
from the composition of both primitive crystals (Winpenny & Maclennan, 2011) and the melt
inclusions they contain (Sobolev & Shimizu, 1993; Gurenko & Chaussidon, 1995; Maclennan,
2008a). Through combining melt inclusion and host crystal compositions it is possible to track
how initial geochemical diversity is homogenised as mixing and crystallisation proceed (Maclen-
1
1. Introduction
nan, 2008b). The composition and structure of crystals also place constraints on properties
of magma reservoirs, such as temperature and pressure (e.g. Putirka, 2008b, and references
therein). However, in recent years there has been an increasing recognition that relationships
between crystals and the melts in which they are erupted may be complicated (Davidson et al.,
2007; Ruprecht et al., 2012; Thomson & Maclennan, 2013; Cashman & Blundy, 2013). This
change in perspective has challenged the use of traditional genetic crystal classifications (e.g.
Harker, 1896; Iddings, 1899). In order to use the compositions of primitive crystals to interrogate
mantle melting and magma reservoir processes, it is thus important to understand not only how
crystals relate to the melt in which they are erupted, but the relationships between individual
zones within crystals.
In order to fully constrain magma reservoir dynamics it is crucial to understand how volatiles
behave during magmatic evolution. Volatiles play a key role in controlling the physical properties
of silicate melts (Ochs & Lange, 1997; Giordano et al., 2008), determining the stability of crystal
phases (Danyushevsky, 2001; Putirka, 2005a) and driving eruptions (Blake, 1984; Woods, 1995;
Roggensack et al., 1997). Mantle melting processes are strongly affected by the presence of
volatiles (e.g. Green, 1973; Eggler, 1976) and volcanic emissions represent an important, but
poorly understood, flux in global volatile cycles (e.g. Walker et al., 1981; Burton et al., 2013).
Determining the concentration of volatiles in primitive melts is, however, difficult. Melts are
often vapour-saturated during transport through the crust, owing to the combined effects of melt
decompression and fractional crystallisation (Gerlach, 1986; Dixon & Stolper, 1995). Different
volatile species are variably soluble in silicate melts; CO2 is substantially less soluble than H2O,
S, F and Cl in basalts. Depending on their CO2 content, basalts may become saturated with a
CO2-dominated vapour at depths of 25 km or more (Dixon, 1997; Shishkina et al., 2010; Ni &
Keppler, 2013). Melt inclusions trapped in primitive crystals early in the evolution of magmas
may, however, provide estimates of the undegassed volatile content of magmas (Roedder, 1979;
Lowenstern, 1995; Métrich & Wallace, 2008), but are susceptible post-entrapment modification
and must be interpreted with care (Danyushevsky et al., 2000; Gaetani et al., 2012).
The primary aim of this thesis is to combine diverse geochemical, petrological and petro-
graphical observations made at a range of scales on samples from within single eruptions in
order to investigate magmatic processes in basaltic plumbing systems. Understanding basaltic
magmatism is important for reasons as diverse as understanding the composition of the mantle
and improving eruption forecasting. Two eruptions in the Eastern Volcanic Zone (EVZ) of Ice-
land are used as examples of basaltic magmatism throughout this thesis: the ad 1783–84 Laki
(Skáftar Fires) eruption and the subglacial Skuggafjöll eruption. Iceland is an excellent location
in which to study basalt petrogenesis because of the extensive exposure of well documented
lava flows (Jóhannesson & Sæmundsson, 2009). The EVZ is characterised by large fissure erup-
tions associated with significant environmental impacts (Thordarson et al., 1996; Thordarson &
Höskuldsson, 2008), and improving models of pre-eruptive behaviour for these damaging erup-
tions is an additional goal of this thesis. Fieldwork was carried out in 2011 and 2012 to collect
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samples from the Skuggafjöll eruption to augment a large suite of samples collected from the
Laki eruption by Emma Passmore in 2004 and 2006. In the case of the Laki eruption, new
data were synthesised with data from Passmore (2009) and Passmore et al. (2012) to generate
a large and coherent petrological dataset to investigate the deep regions of the Laki plumbing
system. In the case of the Skuggafjöll eruption, all the data considered in this thesis were gen-
erated through new analyses. No assumptions of equilibrium between crystal zones and melts
were made ab initio, in order to extract a full record of complex, multi-stage melt evolution.
Observations made using different techniques were considered in their own right before being
combined to construct internally consistent petrogenetic models for the two eruptions studied.
Whilst this thesis is primarily concerned with processing of magmas in crustal reservoirs, the
effects of both deep mantle and shallow volcanic processes on records of magmatic processes
were considered where necessary.
1.2 Structure of thesis
This thesis is divided into three studies carried out on two eruptions. The first study explores
the record of deep mixing and crystallisation in the Laki eruption. The second and third studies
examine magmatic processes in the Skuggafjöll eruption: the second study is concerned with
records of crystal storage and transfer within the plumbing system, whereas the third focusses
on the melt inclusion record of CO2 behaviour.
Chapter 1: This chapter contains a discussion of some of the key petrological themes in-
vestigated throughout this thesis: crystal-melt relationships; crystal mush disaggregation; CO2
behaviour in basalts; and melt inclusions. A brief overview of Iceland’s geological setting follows,
including a description of volcanism in the EVZ.
Chapter 2: In Chapter 2, the Laki and Skuggafjöll eruptions are introduced in detail and
sample collection outlined. Analytical methods are then described, including evaluations of
analytical error. The sources of collated data are also discussed.
Chapter 3: In Chapter 3, trace element data from olivine-hosted melt inclusions are used to
clarify records of concurrent mixing and crystallisation in magmas that fed the Laki eruption.
Crystal-melt relationships are investigated using analytical and modelling approaches. The ef-
fect of primary melt composition on biasing the crystal record of magmatic evolution is outlined.
Thermobarometry is carried out using both melt and clinopyroxene compositions to determine
magma storage conditions. Particular care is taken when performing clinopyroxene-melt ther-
mobarometry to ensure equilibrium between crystal-melt pairs. An internally consistent model
of the deep Laki plumbing system is constructed by synthesising a range of observations.
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Chapter 4: Results of geochemical, microanalytical and textural analyses carried out on sam-
ples from Skuggafjöll are presented in this chapter. Records of geochemical variability at scales
ranging from between whole-rock samples (km-scale) to between macrocryst zones (µm-scale)
are outlined and interrogated statistically.
Chapter 5: This chapter presents an investigation into records of mush disaggregation in the
Skuggafjöll eruption that makes use of a wide range of techniques. The relative importance of
fractional crystallisation and crystal accumulation in controlling combined whole-rock geochem-
ical and point-counting systematics is assessed. Crystal-melt relationships are outlined using a
range of imaging and microanalytical tools, including the novel QEMSCAN® imaging technique.
Trace element analyses of melt inclusions and clinopyroxene crystals are used to test the extent
of trace element equilibrium between crystal populations. Crystal size distributions are used to
test crystal accumulation hypotheses. Evidence for crystal mush formation and disaggregation
is discussed and a coherent model for the assembly of the Skuggafjöll magma is presented. Ob-
servations from Skuggafjöll are then considered with respect to similar eruptions in Iceland and
along the MOR system.
Chapter 6: Chapter 6 details an investigation into the combined CO2-trace element sys-
tematics in olivine-hosted melt inclusions from the Skuggafjöll eruption. Firstly the role of
inclusion-hosted bubbles in controlling melt inclusion volatile contents is assessed. The abil-
ity of fractional crystallisation and melt mixing to control trace element variability is then
demonstrated. Evidence for the CO2 content of primitive melts being controlled by concurrent
mixing and CO2 exsolution is then presented. The possibility that CO2-supersaturation occurs
in ascending melts from Skuggafjöll is discussed with respect to recently published studies and
experiments. The implications of CO2-supersaturation and inclusion-hosted bubble formation
on the interpretation of melt inclusion volatile contents are then considered.
Chapter 7: Chapter 7 is split into three main parts. Firstly, the main findings of each of
the three studies are summarised. These findings are then placed into context on regional and
global scales. Finally, two avenues of possible future research are outlined.
1.3 Magmatic processes in basaltic systems
Almost all basalts erupted at the Earth’s surface are too evolved to be in equilibrium with the
mantle rocks from which they were derived. Olivine crystals observed in xenoliths from the
oceanic lithospheric mantle have forsterite contents of Fo89−92 [where Fo = atomic Mg/(Mg+
Fe2+)] (Boyd, 1989), which are generally higher than the forsterite content of olivine crystals
in basalts erupted at the surface (Figure 1.1). The discrepancy between crystals in equilibrium
with erupted melts and the mantle is generally explained by melt processing prior to eruption in
magma reservoirs; crystallisation of primary melts modifies melt compositions, and primary melt
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Figure 1.1: Kernel density estimation (KDE) of forsterite content in 7469 Icelandic olivines
normalised by the number of analyses made, the approximate erupted volume volume and
modal proportion of olivine in each eruption. The KDE was calculated using the method
outlined by Rudge (2008). Although some Icelandic olivines have forsterite contents that
overlap with the field of mantle olivines from oceanic xenoliths shown in red, the majority
lie to lower forsterite contents, suggesting that they crystallised from differentiated magmas.
Olivine data were collated from: Gurenko & Chaussidon (1995); Slater et al. (2001); Breddam
(2002); Maclennan et al. (2001a, 2003b); Gurenko & Sobolev (2006); Maclennan (2008a);
Passmore et al. (2012); and Thomson & Maclennan (2013).
compositions are rarely erupted. Although shallow axial melt lenses have been widely imaged
on fast spreading ridges using seismic reflection techniques (e.g. Mutter et al., 1995), examples
of shallow melt reservoirs on slow spreading ridges are fewer and further between; notable
exceptions include studies on the Reykjanes Ridge (Navin et al., 1998) and at Lucky Strike
(Singh et al., 2006). The failure of seismic reflection surveys to image melt in the lower crust
at mid-ocean ridges indicates that deep magma reservoirs are probably small (i.e. smaller than
the resolution of seismic imaging techniques) and transient. Understanding magma reservoir
processes is nevertheless important to assess the effect of magmatic ‘filtering’ on primary melt
compositions and hence records of mantle chemistry and lithology (Rubin et al., 2009). Magma
reservoirs, by their very definition, represent the location of melt storage prior to eruption. By
studying magma reservoir processes, it is thus possible to determine the conditions that led to
eruption triggering as well as to aid the interpretation of geophysical and geodetic records of
ongoing and future unrest (e.g. de Zeeuw-van Dalfsen et al., 2005; Sigmundsson et al., 2010;
Tarasewicz et al., 2012).
Magma reservoirs are complex open systems, as illustrated in Figure 1.2. Geochemical
variability within single MOR eruptions demonstrates that magmas are often assembled from
diverse parental melts with distinct geochemical and petrological characteristics (e.g. Sobolev &
Shimizu, 1993; Slater et al., 2001). Not only can parental melts be variably evolved or enriched,
but they can also bring a crystal cargo with them. Both the stability and composition of mineral
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Figure 1.2: Cartoon illustrating the complexity of a generalised basaltic plumbing system.
Diverse mantle melts are supplied from below. These eventually solidify within the crust or
erupt at the surface. A wide range of eruption styles are observed in Iceland, and just three
examples are shown here. (a) Long-lived shallow magma reservoirs are thought to reside under
central volcanoes. These magma reservoirs are the site of silicic magma genesis in Iceland
by extensive fractionation and crustal melting (Sigurðsson & Sparks, 1980; Macdonald et al.,
1990). (b) CO2 is much less soluble than other volatiles and can thus exsolve from magma
stored within the crust (Gerlach, 1986). (c) Crystal mushes develop within magma reservoirs
that may either remain in the crust as plutonic rocks or disaggregate into new melts (Hansen
& Grönvold, 2000). (d) Concurrent crystallisation and mixing occurs in convecting magma
reservoirs, erasing signals of primary melt variability (Maclennan, 2008b).
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phases in equilibrium with silicate melts are strongly controlled by melt composition, as well as
pressure, temperature, volatile content and oxygen fugacity (fO2). Therefore, as magmas are
assembled, their crystal load can be modified by reaction and resorption as well as by crystalli-
sation. Although such complexity in crystal-melt relationships may initially appear to shroud
records of magmatic processes, compositional structures in crystals can be exploited to investi-
gate phases of magma genesis well before the prelude to eruption. The nature of relationships
between crystals and their carrier melts is reviewed below by discussing the terminology used
to classify crystals and the genetic connotations imposed by certain terms. This discussion is
followed by an overview of crystal mush disaggregation and deep volatile degassing processes in
basaltic reservoirs; two themes central to this thesis.
1.3.1 Crystal-melt relationships
Although the term phenocryst, derived from the Greek phainein meaning ‘to show’, was initially
coined by Iddings (1899) to refer to crystals in porphyritic rocks visibly larger than groundmass,
the term has subsequently acquired genetic connotations. For example, Cox et al. (1979) use
the term phenocryst to refer to “that group of solid phases which was in equilibrium with the
liquid before the quenching phase”. The traditional counterparts to equilibrium phenocrysts
are xenocrysts – crystals that have not crystallised from the melt they are erupted, but that
grew in previous magma batches and have been accidentally entrained by their current carrier
liquid (e.g. Harker, 1896). The inadequacies of using genetic classifications for crystals have been
recognised for some time (e.g. Donaldson & Brown, 1977), but have been recently reinforced by
the observation of isotopic disequilibrium between crystals and their host melt in addition to
major element disequilibrium (e.g. Davidson et al., 2007; Halldórsson et al., 2008). Although
changes in the melt’s major element content can be accounted for by fractional crystallisation, in
the absence of crustal assimilation, isotopic disequilibrium requires that crystals and the carrier
liquid are ultimately derived from different suites of mantle melt.
The term antecryst was proposed as a term for crystals that are out of equilibrium with
the melts in which they erupt, but are sourced from within the same plumbing system (Wes
Hildreth at the ‘Longevity and Dynamics of Rhyolitic Magma Systems’, Penrose Conference,
2001). Thomson & Maclennan (2013) argue, however, that the concept of a discrete magmatic
system may be of limited relevance in settings such as Iceland, where mantle melting has been
generating magmas of broadly similar compositions for hundreds of thousands of years or more
in the same location. Following the rationale of Thomson & Maclennan (2013), the non-genetic
term macrocryst will be used to refer to crystals visibly larger than the groundmass throughout
this thesis. Dividing grains into macrocryst and groundmass populations is nonetheless prone
to subjectivity and the methods used to make this distinction will be discussed in Chapter 2.
Crystals in volcanic rocks are rarely homogeneous in composition. Both the major and
trace element composition of melts change as they evolve and differentiate. Furthermore, if new
batches of melts are supplied from the mantle, or if crustal assimilation occurs, then the isotopic
7
1. Introduction
content of melts can also be modified. Zoning patterns within growing crystals can thus be used
to track changes in magma composition and reservoir behaviour prior to eruption (e.g. Vance,
1962; Kuo & Kirkpatrick, 1982; Ginibre et al., 2002b). Inverting crystal compositional structure
for magmatic processes is, however, highly sensitive to diffusive re-equilibration. Petrogenetic
information is irrecoverable once the internal compositional structures of crystals have been
erased. Whether a mineral phase will reliably record the original conditions of crystallisation
thus depends on the diffusivity of the species in question in the given different mineral phase.
Olivine forsterite content is controlled by the Fe-Mg content of melts (Roedder & Emslie, 1970).
However, Fe-Mg interdiffusion within olivine is rapid – DolFe-Mg = 8.08 × 10−17 m2/s in Fo80
at 1200°C according to the model of Dohmen & Chakraborty (2007) – and the original zoning
is often overprinted. In contrast, coupled interdiffusion of NaSi-CaAl in plagioclase is orders
of magnitude slower: DplgNaSi-CaAl 1-10 × 10−21 m2/s in An70–An90 at 1200°C (Grove et al.,
1984). While plagioclase is thus able to track melt processes much more reliably than olivine,
the relationship between plagioclase composition and melt composition is complicated by strong
dependencies of anorthite content on melt water content and pressure (Panjasawatwong et al.,
1995; Putirka, 2005a).
Throughout this thesis crystal-crystal and crystal-melt relationships will be considered on
a zone-by-zone basis. The roles of crystallisation and diffusion in controlling the composition
of macrocryst compositions will be considered in order to determine which zones represent co-
crystallised macrocryst assemblages, and which zones were derived from geochemically distinct
sources. This kind of approach is essential if either macrocryst compositions or melt inclusions
are used to infer magmatic processes: macrocrysts that are related to their carrier melt by frac-
tional crystallisation track pre-eruptive magmatic evolution, whereas accumulated macrocrysts
provide information about earlier magmatic events and crustal structure. When using crystal
compositions as inputs for thermobarometric calculations, such as those presented in Chapter
3, it is therefore important to determine what stage of the process is being investigated. Like-
wise, when melt inclusion compositions are used to infer either primitive melt chemistry or
pre-eruptive volatile contents, it is essential to assess how these melts are related, if at all, to
the carrier melt.
1.3.2 Crystal mush disaggregation and highly phyric basalt genesis
Crystal contents of mid-ocean ridge basalts (MORBs) vary greatly (e.g. Bryan & Moore, 1977;
Bryan, 1983). Plagioclase ultraphyric basalts (PUBs), which erupt on-axis in regions of ultraslow
to moderate spreading and off-axis along all ridges, represent one end-member of the diversity
in crystal contents (Flower, 1980; Bryan, 1983; Cullen et al., 1989; Hansen & Grönvold, 2000;
Hellevang & Pedersen, 2008; Lange et al., 2013b). These highly phyric lavas are characterised
by high crystal contents (>10 vol.%, but often up to 30 vol.%) and plagioclase to olivine ratios
in excess of the 7:3 ratio expected during cotectic crystallisation of primitive basalts at low
pressure (Bryan, 1983; Hellevang & Pedersen, 2008; Lange et al., 2013b). Plagioclase macrocrysts
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in highly phyric basalts are often highly anorthitic and consequently too primitive to be in
equilibrium with the melts in which they are carried (Dungan & Rhodes, 1978; Cullen et al.,
1989; Hansen & Grönvold, 2000). The composition of melt inclusions hosted within anorthitic
plagioclase macrocrysts from highly phyric basalts further reinforces their primitive character
(Sinton et al., 1993; Adams et al., 2011). Multi-stage magmatic evolution histories are thus
often required to explain the formation of highly phyric basalts (e.g. Dungan & Rhodes, 1978;
Cullen et al., 1989; Lange et al., 2013b).
Floatation of low density plagioclase to the top of magma reservoirs has been proposed as
a mechanism to generate both high crystal contents and high plagioclase proportions in basalts
by numerous authors (e.g. Flower, 1980; Hellevang & Pedersen, 2008). Recently, Lange et al.
(2013b) reassessed whether anorthitic plagioclase is positively buoyant in primitive basalts, ar-
guing instead that high modal abundances of plagioclase are generated by interactions between
magma and primitive cumulates or mushes formed during earlier phases of crystallisation. A
critical observation is that plagioclase in highly phyric basalts is more anorthitic [An85–An90
(Lange et al., 2013b)], than plagioclase in anorthosites from layered intrusions that have been
inferred to form by floatation [e.g. An60–An68 in anorthosites from the Sept-Îles layered intru-
sion (Namur et al., 2011a)]. Plagioclase in highly phyric basalts is thus denser than plagioclase
in anorthosites associated with layered intrusions. There is, however, considerable uncertainty
in the relative buoyancy of primitive plagioclase with respect to primitive melts that will be
discussed in greater depth in Chapter 5. Sr-isotopic disequilibrium between high-anorthite pla-
gioclase macrocrysts and their carrier melts supports the generation of highly phyric basalts
by disaggregation of cumulates or mushes that crystallised from earlier batches of melt, geo-
chemically distinct from the melt they were erupted in (Halldórsson et al., 2008; Lange et al.,
2013a).
Crystal incorporation and mush disaggregation can be identified in lavas from the compo-
sitional variability of whole-rock samples (Salaün et al., 2010; Passmore et al., 2012) as well
as from the composition and texture of macrocrysts and nodules they carry (Hansen & Grön-
vold, 2000; Gurenko & Sobolev, 2006; Ridley et al., 2006; Holness et al., 2007; Costa et al.,
2010). Understanding cumulate and mush disaggregation in basaltic magma reservoirs is im-
portant for a number of reasons: firstly, short timescales between disaggregation and eruption
(e.g. Costa et al., 2010), suggesting that eruption triggering and mush disaggregation may be
closely linked; secondly, mush crystals contain important information about the depths and con-
ditions of magma storage; and thirdly, disaggregated crystals and nodules provide a key link
between volcanic and plutonic process that can be used to place constraints on the structure
and mineralogy of the oceanic crust (e.g. Maclennan et al., 2001b). The Skuggafjöll eruption is
used as a template for a more general understanding of petrogenesis in highly phyric basalts.
The petrology of the Skuggafjöll eruption is very similar to highly phyric basalts elsewhere in
Iceland (Hansen & Grönvold, 2000) and along the MOR system (Lange et al., 2013b). Highly
phyric basalts have the potential to provide geographically widespread records of ongoing plu-
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Figure 1.3: A compilation of CO2 and Nb contents measured in melt inclusions and matrix
glasses from both MOR and plume settings. Solid black lines show lines of constant CO2/Nb
of 240 and 500. Samples from the Siqueiros fracture zone (pale grey circles) define a CO2/Nb
of ∼240. Most analyses lie to lower CO2/Nb values than 500. Some datasets, such at those
from Hawai’i and Samoa have low CO2/Nb values suggestive of extensive CO2 degassing.
Data sources are as follows: Siqueiros, Saal et al. (2002); Mid-Atlantic Ridge, Cartigny et al.
(2008); Gakkel Ridge Shaw et al. (2010); Axial Seamount, Helo et al. (2011); Galápagos,
Koleszar et al. (2009); Hawai’i, Dixon & Clague (2001) & Dixon et al. (2008); Erta Ale, Field
et al. (2012); and Samoa, Workman et al. (2006).
tonic processes in regions of active volcanism if geochemical and petrographic signals of mush
disaggregation can be identified robustly.
1.3.3 CO2 behaviour in basaltic systems
Syneruptive volatile loss from magmas can be estimated by comparing the volatile content of
undegassed melt inclusions with that of degassed matrix glasses (e.g. Thordarson et al., 1996,
2003). While melt inclusions may record pre-eruptive volatile contents, estimating the volatile
content of primary melts is often obscured by degassing prior to melt inclusion entrapment.
Early degassing is particularly prevalent in the case of CO2; CO2 is much less soluble than other
magmatic volatiles, such as H2O, S, F and Cl (Dixon, 1997; Ni & Keppler, 2013). Substantial
amounts of CO2 are thus lost from magmas during storage in the crust before they erupt.
The presence of CO2-rich plumes above quiescent but active magma reservoirs, [e.g. Kı¯lauea
(Gerlach et al., 2002; Edmonds et al., 2013)], demonstrate the importance of passive degassing
in controlling CO2 loss from volcanic regions.
Rare examples of glasses quenched from CO2-undersaturated melts exist in the literature:
Saal et al. (2002) report a positive correlation between CO2 and Nb in matrix glasses and melt
inclusions from a highly incompatible element depleted eruption in the Siqueiros fracture zone
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on the East Pacific Rise that was interpreted as evidence for vapour undersaturation at sea-floor
and at melt inclusion entrapment pressures. The positive correlation between CO2 and Nb at
Siqueiros suggests that Nb can be used to estimate the undegassed CO2 content of melts because
both species are highly incompatible during fractional crystallisation prior to saturation of CO2
and Fe-Ti oxides in evolving melts; CO2 and Nb no longer behave like highly incompatible
trace elements after the onset of degassing and oxide crystallisation. Following the observation
of correlation between CO2 and Nb, CO2/Nb ratios have been used in a number of magmatic
settings to estimate CO2 flux from the lithosphere to the atmosphere (Workman et al., 2006;
Cartigny et al., 2008; Shaw et al., 2010). However, estimates of primary CO2/Nb vary, depending
on a range of factors: the geographical location of samples; the degree of incompatible trace
element enrichment; and the technique used to estimate undegassed CO2. A compilation of all
currently published CO2/Nb data from basaltic systems is shown in Figure 1.3.
The CO2/Nb value of 239±46 estimated for Siqueiros by regression through a large number
of melt inclusion data (Saal et al., 2002) lies at the lower end of the global range for undegassed
samples (Figure 1.3). The highly depleted nature of the Siqueiros samples [La/Sm ∼ 0.3 (Saal
et al., 2002)] calls into question whether the CO2/Nb of these samples is representative of
primitive MORB. Cartigny et al. (2008) calculate significantly higher CO2/Nb values of ∼570
and ∼730 respectively from samples collected at 14°N and 34°N on the Mid-Atlantic Ridge.
However, with the exception of popping rock sample 2piD43 (CO2/Nb ∼ 556), the initial CO2
contents of all of the samples considered by Cartigny et al. (2008) were reconstructed from
their δ13C contents, making direct comparison with the Siqueiros data difficult. Reconstructing
undegassed CO2 from δ13C assumes that δ13C is homogeneous in the source, which may not be
true, but is poorly understood at present. Nevertheless, that CO2/Nb values differ significantly
between Siqueiros and 2piD43 strongly indicates that the CO2/Nb content of primary melts is
heterogeneous.
The number of studies reporting co-incident analyses of CO2 and trace elements in basaltic
melt inclusions has steadily grown over the past decade. However, none of the new datasets
show the unambiguous positive correlation between CO2 and Nb observed in the Siqueiros
dataset that implies coupled behaviour of these species. Nevertheless, some datasets contain
high CO2/Nb melt inclusions that may represent undegassed or only slightly degassed melts.
CO2/Nb reaches up to ∼350 in some melt inclusions from Fernandina and Santiago islands in
the Galápagos (Koleszar et al., 2009). Shaw et al. (2010) also report CO2/Nb values up to
440 from the Gakkel Ridge, though most inclusions have contents of ∼350. Other studies from
Hawai’i (Dixon & Clague, 2001; Dixon et al., 2008), Samoa (Workman et al., 2006) and Erta Ale,
Ethiopia (Field et al., 2012) only record low CO2/Nb values that suggest that most CO2 was
degassed from these eruptions prior to melt inclusion entrapment. Hauri et al. (2002a) report
strong correlations between CO2 and incompatible trace elements in the Borgarhraun flow of
north Iceland and a CO2/Nb value of 314±125.
Calculations that use CO2/Nb to determine undegassed CO2 generally assume that magmas
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evolve along a single liquid line of descent with an initial given Nb content imposed during mantle
melting. However, it is well known from melt inclusion studies on single eruptions that primary
melts are heterogeneous in terms of both their trace element and isotope contents (e.g. Gurenko
& Chaussidon, 1995; Sobolev, 1996; Slater et al., 2001; Maclennan et al., 2003a; Maclennan,
2008b). Such diverse primary melts subsequently mix during crystallisation in magma reservoirs,
generating the more homogeneous melts that are erupted at the surface (Maclennan, 2008a).
Whether primary melt heterogeneity results from the melting process or from mantle source
variability, it is expected that undegassed, enriched melts with high Nb contents would also
have high CO2 contents. In this case, a positive correlation between CO2, Nb and the degree of
melt enrichment recorded by trace element ratios such as La/Yb or Ce/Y would be predicted.
One of the initial aims of this thesis was to evaluate whether CO2/Nb varied systematically
as a function of melt enrichment within a single eruption, the Skuggafjöll eruption. However, the
data indicate that enriched melts in the Skuggafjöll system underwent significant degassing prior
to inclusion entrapment, whereas depleted melts did not. Thus, while it has not been possible
to place firmer constraints on CO2/Nb variability in primary melts in the course of this thesis,
correlations between CO2 content and enrichment in Skuggafjöll inclusions have illustrated that
magma mixing can play an important role in controlling the volatile content of primitive basalts.
1.3.4 Using melt inclusions to investigate magmatic processes
Melt inclusions are pockets of silicate-rich liquid trapped by growing crystals that have the po-
tential to record information about of magma compositions at the time of inclusion entrapment
(Roedder, 1984; Hauri et al., 2002b). Developments in secondary ion mass spectrometry (SIMS)
(Hauri, 2002) and laser ablation inductively coupled mass spectrometry (LA-ICP-MS) (Halter
et al., 2002) over the past 20 years have enabled high precision analyses of both volatile and
trace elements in melt inclusions to become routine. It is thus possible to measure large numbers
of inclusions from within single eruptions in order to extract records of intra-flow geochemical
variabilty (e.g. Gurenko & Sobolev, 2006; Maclennan, 2008a). However, when using melt inclu-
sions to investigate magmatic volatiles, it is important to consider a range of phenomena that
modify inclusion compositions: post entrapment crystallisation; diffusive re-equilibration; and
inclusion-hosted bubble formation.
Crystallisation and diffusive exchange occur at the boundary between melt inclusions and
their host crystal after entrapment, modifying inclusion compositions (Gaetani & Watson, 2000,
2002; Danyushevsky et al., 2002). In olivine crystals, where the relationship between host and
melt compositions is relatively simple (e.g. Ford et al., 1983; Danyushevsky et al., 2000), post-
entrapment crystallisation (PEC) corrections can be applied by adding olivine back into the
inclusion until equilibrium is achieved (e.g. Danyushevsky & Plechov, 2011). PEC also occurs in
plagioclase melt inclusions (Nielsen, 2011), but is difficult to correct for because of the complex
dependencies of plagioclase anorthite content (Panjasawatwong et al., 1995; Putirka, 2005a).
Rapidly diffusing species may re-equilibrate with the surrounding melt; melt inclusions are
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Figure 1.4: Cartoon showing mechanisms of inclusion-hosted bubble nucleation: (2) thermal
contraction (Roedder, 1979; Lowenstern, 1995), (3) post-entrapment crystallisation (Steele-
Macinnis et al., 2011) and (4) diffusive loss of H+ (Gaetani et al., 2012). The inset shows how
decompression during cooling causes initially vapour-undersaturated inclusions to become
vapour-saturated. Sequestration of CO2 into bubbles may also occur (Bucholz et al., 2013).
not always closed systems. The H2O content of melt inclusions from a number of natural samples
have been explained in terms of open system behaviour (e.g. Qin et al., 1992; Koleszar et al.,
2009). Recently conducted 1 bar experiments by Gaetani et al. (2012) and Bucholz et al. (2013)
demonstrate that H+ can be lost from, or gained by, olivine-hosted melt inclusions within hours
at magmatic temperatures of 1200°C.
Bubbles often nucleate during the cooling of melt inclusions (Figure 1.4). Bubble nucleation
is achieved through a reduction in inclusion pressure by three main mechanisms: firstly, greater
thermal contraction of melt than that of the host resulting in a volume imbalance (Roedder, 1979;
Lowenstern, 1995; Métrich & Wallace, 2008); secondly, PEC reduces inclusion pressure below
volatile saturation pressure (Steele-Macinnis et al., 2011); and thirdly, rapid H+ diffusion out of
melt inclusions reduces inclusion pressure (Gaetani et al., 2012). Inclusion-hosted bubbles can
sequester volatile species with low solubility such as CO2 as a result of reduced pressure (Bucholz
et al., 2013). An important consequence of volatile sequestration is that the total volatile content
of melt inclusions may be underestimated by measuring only their glassy portions (Anderson
& Brown, 1993). Total inclusion CO2 contents can nevertheless be reconstructed by measuring
the CO2 content of inclusion-hosted bubbles using laser micro-Raman spectroscopy (Yamamoto
et al., 2007; Frezzotti et al., 2012). Recent studies have assumed that CO2 equilibrium is readily
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achieved between melt and bubble portions of melt inclusions, such that total inclusion CO2
contents can be estimated by measuring only the glassy portion (e.g. Shaw et al., 2010). However,
the observation of bubble-melt disequilibrium in samples from Skuggafjöll presented in Chapter
6 questions the validity of this assumption in all cases.
1.4 The geological setting of Iceland
1.4.1 Geodynamic situation: ridge-plume interaction
Iceland is the subaerial portion of a large basaltic plateau located at the intersection of the
Mid-Atlantic Ridge with a mantle plume (Schilling, 1973; Vink, 1984; White & McKenzie,
1995). In total, 103000 km2 of the ∼350000 km2 basalt plateau is currently subaerially exposed
(Thordarson & Larsen, 2007). Rifting continues today with plate separation velocities of ∼20
mm/year (DeMets et al., 1994), placing the Mid-Altantic Ridge into the slow-spreading category
of MORs. The impact of the Iceland plume head at ∼61 Ma is thought to be responsible for
generating the flood basalts of the North Atlantic Igneous Province (NAIP) in the British Isles
and Greenland (White & McKenzie, 1989).
Iceland lies at the centre of long wavelength anomalies in bathymetry and free air gravity
(e.g. Anderson et al., 1973; Jones et al., 2002). For example, ridge axial depth decreases from
2700 m below sea level 1400 km south of Iceland to ∼1000 m above sea level in central Iceland.
Positive anomalies in bathymetry and gravity can be accounted for, at least in part, by an
increase in crustal thickness towards Iceland. Oceanic crustal thickness increases to 13 km at
Iceland’s coast (White et al., 1992, 1995), with a maximum crustal thickness of ∼40 km observed
under the Vatnajökull glacier in the southeast (e.g. Darbyshire et al., 2000). This maximum
crustal thickness coincides with a topographic high and has been interpreted as the centre of
the Iceland plume (Allen et al., 2002; Li & Detrick, 2006). Other estimates of plume location
based on bathymetric symmetry about a plume centre place it to the south, towards Öræfajökull
(Shorttle et al., 2010).
In order to reproduce crustal thickness anomalies under Iceland, a high degree of mantle
melting is required that can be accounted for by melting in a region with mantle potential
temperatures elevated above that of ambient mantle (White et al., 1992, 1995). Estimates of
potential temperature vary greatly, however, and range from 1480°C (Maclennan et al., 2001a)
to 1637°C (Putirka, 2008a). Active upwelling of a thermally buoyant plume, rising at up to 10
times the rate of passive upwelling, has been invoked by a number of authors to account for
U-series disequilibria and trace element compositions observed in central Iceland (Maclennan
et al., 2001a; Peate et al., 2001; Kokfelt et al., 2003; Koornneef et al., 2012). Tomographic
studies of the mantle beneath Iceland provide further evidence for the presence of a thermal
anomaly, i.e. a mantle plume, beneath Iceland. A number of tomographic models recover strong
negative seismic anomalies, consistent with elevated temperatures in the upper mantle to depths
of 670 km (Wolfe et al., 1997; Allen et al., 2002; Ritsema et al., 2011).
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1.4.2 Rift zones and volcanic systems
Plate spreading in Iceland is focussed on 15–50 km wide neovolcanic rift zones that extend
across the country from the Reykjanes Ridge southwest to the Kolbeinsey Ridge in the north-
east (Figure 1.5). The Western Volcanic Zone (WVZ), Reykjanes Penninsula (REP), Northern
Volcanic Zone (NVZ) and Mid-Iceland-Belt (MIB) are mature rift zones defined by the eruption
of tholeiitic basalts (Guðmundsson, 2000). The Eastern Volcanic Zone (EVZ), which is the most
magmatically productive of Iceland’s neovolcanic zones (Thordarson & Höskuldsson, 2008), is
younger than the WVZ and is considered to be the site of ongoing eastward rift relocation
(Óskarsson et al., 1985). Global positioning system (GPS) studies indicate that spreading rates
vary along the EVZ, with faster spreading in the north than in the south (LaFemina et al.,
2005; Geirsson et al., 2006), where the rift is propagating south-westwards under the islands
of the Vestmannaeyjar (Steinthórsson et al., 1985). The geochemistry of erupted products in
the EVZ reflects this variability in spreading rate, as well as the maturity of the fissure swarm
(Thordarson & Larsen, 2007): tholeiitic basalts are erupted in the northern part of the EVZ,
whereas alkalic and transitional alkalic basalts are erupted in the slower spreading southern por-
tion (Jakobsson, 1979), which is sometimes considered as a distinct, non-rifting volcanic zone –
the South Eastern Volcanic Zone (sEVZ). Alkalic volcanism also occurs on the Snæfellsness and
Öræfi Volcanic Belts (SFB & ÖVB) – flank zones offset from the main axial rifts that may be
the sites of incipient rifting (Guðmundsson, 2000; Thordarson & Höskuldsson, 2002).
Volcanism within neovolcanic rift zones occurs within discrete volcanic systems, broadly
analogous to mid-ocean ridge segments, that consist of a fissure swarm and/or central volcano.
A total of 30 volcanic systems have been identified to date on the basis of both their geochemical
and tectonic characteristics (Thordarson & Larsen, 2007; Jóhannesson & Sæmundsson, 2009).
Fissure swarms are generally aligned perpendicularly to the direction of maximum spreading
and are built by repeated dyke intrusion events. In contrast, central volcanoes are the sites
of long-lived magmatic activity associated with the construction of volcanic edifices and the
generation of silicic rocks (e.g. Sigurðsson & Sparks, 1980; Macdonald et al., 1990; Jónasson,
1994).
The geometry of plumbing systems beneath volcanic systems is the subject of much research,
with current models falling into two groups: those that invoke lateral magma supply and those
that invoke vertical magma supply – the lateral flow and magma reservoir hypotheses respec-
tively (Hartley & Thordarson, 2013). In the lateral flow hypothesis, magma supply is focussed
underneath central volcanoes before lateral intrusion at a shallow level prior to eruption (Björns-
son et al., 1977; Sigurðsson & Sparks, 1978). In the magma reservoir hypothesis, tensile stresses
cause vertical magma emplacement through laterally extensive dykes fed by deep magma reser-
voirs (Guðmundsson, 1987, 1995). Although the northward evolution of seismicity away from
the central volcano during the ad 1975–84 Krafla fires episode supports lateral flow models of
magma supply (Buck et al., 2006), geodetic records of a deflating, northern reservoir suggest
that vertical magma supply to fissure eruptions is also important (Hollingsworth et al., 2012).
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Figure 1.5: Map of Iceland showing key geological structures modified from Thordarson
& Larsen (2007). Red lines offshore to the southwest and north show the ridge axes of
the Reykjanes and Kolbeinsey segments of the Mid-Atlandic Ridge. Neovolcanic rift zones
are shown as red regions and labelled as follows: REP, Reykjanes Peninsula; WVZ, Western
Volcanic Zone; MIB, Mid Iceland Belt; EVZ, Eastern Volcanic Zone; NVZ, Northern Volcanic
Zone. Flank zones away the main spreading axis are shown in orange and labelled as follows:
SVB, Snæfellsness Volcanic Belt; ÖVB, Öræfi Volcanic Belt. The approximate extents of
central volcanoes are shown in yellow. Note that some volcanic systems are defined by
fissure swarms alone, whereas others contain only central volcanoes. The Laki lava flow
field is shown in black. The location of key eruptions discussed in this thesis, including the
Skuggafjöll eruption, are shown as a black diamonds. The centre of the Iceland plume, as
located by Shorttle et al. (2010) using crustal thickness and bathymetric symmetry, is shown
as a red circle.
Detailed the reconstructions of the Laki eruption (Thordarson & Self, 1993) and the spatial
distribution of geochemical variability within the Askja volcanic system (Hartley & Thordarson,
2013) are more easily explained by supply of magma from below than laterally distant central
volcanoes. Both vertical and horizontal magma movement are likely to occur within plumbing
systems. It is thus important to assess how fissure swarm eruptions relate, if at all, to their
associated central volcano.
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1.4.3 The Eastern Volcanic Zone
Volcanoes in the EVZ account for 79% of known historic (i.e. post-ad 874) eruptions in Iceland
(Thordarson & Larsen, 2007). Just four volcanic systems are responsible for 77% of historic erup-
tions in the EVZ: Grímsvötn, Bárðarbunga-Veiðivötn, Katla and Hekla (Figure 1.6). Grímsvötn
alone has erupted ∼70 times since the settlement of Iceland (Larsen, 2000). In addition to the
high frequency but low volume eruptions at central volcanoes, volcanism in the EVZ is charac-
terised by large basaltic fissure eruptions. The large shield volcanoes that populate the WVZ
and NVZ are absent in the EVZ (c.f. Sinton et al., 2005). The ∼19 km3 dense rock equivalent
(DRE) ad 934–38 Eldgjá eruption in the Katla system and the 15.1 km3 DRE ad 1783–84 Laki
eruption in the Grímsvötn system, which is the subject of Chapter 3, are the largest historical
fissure eruptions in Iceland (Thordarson & Larsen, 2007). Laki, in particular, had wide-ranging
environmental impacts (Thordarson et al., 1996; Schmidt et al., 2011). Although smaller in
scale, the ad 871 Vatnaöldur and ad 1477 Veiðivötn eruptions suggest that repeat time for
large fissure eruptions in the EVZ is of the order of centuries (Figure 1.6). A new eruption may
therefore be expected to occur on the timescale of decades to centuries.
Large basaltic fissure eruptions are also recorded throughout the Holocene (Vilmundardót-
tir, 1977). The eruption that produced the ∼25 km3 Thjórsá lava at ∼8.6 ka is of particular
note because of its extreme size (Figure 1.6). Alongside Laki, it is the only single lava flow in
the EVZ that has been the focus of detailed intraflow geochemical study (Halldórsson et al.,
2008). The landscape in the northeasten portion of the EVZ between Vatnajökull and Mýrdal-
sjökull, northwest of the Eldgjá and Laki fissures, is dominated by northeast-southwest striking
ridges constructed from subglacially erupted pillow basalt and hyaloclastite. Whilst the subject
of few published studies, these extensive subglacial deposits suggest that the fissure-eruption-
dominated pattern of eruptive behaviour has been long-lived. Chapters 4, 5 & 6 provide the first
detailed geochemical and petrological study of a subglacial eruption in this region of Iceland,
the Skuggafjöll eruption.
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Figure 1.6: Map of the Eastern Volcanic Zone (EVZ) of Iceland showing key geological
structures modified from Thordarson & Larsen (2007). The approximate extents of central
volcanoes and fissure swarms are shown in yellow and red respectively. Fissure systems shown
in dark red are not associated with the EVZ. Key central volcanoes discussed in the text are
labelled. The Laki lava flow field is shown in black and location of Skuggafjöll is shown as a
black diamond. The Eldgjá, Veiðivötn and Vatnaöldur fissures are shown in red, the Thjórsá
and Thjórsádalur lava flows in dark green and the tuff cones of Brandur, Saxi and Fontur as
red circles.
18
Chapter 2
Sample collection, data acquisition
and data collation
2.1 Introduction
Records of magmatic processes preserved in the composition and texture of rocks and crystals can
often be ambiguous and difficult to interpret. By integrating diverse petrological observations
with simple physical models of petrogenesis it is nevertheless possible to place firm constraints
on the pre-eruptive behaviour of magmas. The improved ability to collect large and statistically
robust datasets has been a key development in igneous petrology over the past 20 years. For
example, Chapter 3 draws on 2657 electron microprobe analyses made on samples from the
Laki eruption; the two melt inclusion datasets used in this study contain >100 secondary ion
mass spectrometry analyses each. These large datasets enable records of intra-flow and intra-
macrocryst geochemical variability to be determined well. Geochemical variability at a range
of scales is considered in this thesis: within eruptions on the scale of km; within and between
macrocrysts on the scale of µm; and between melt inclusions. Samples were therefore collected
to represent the full geographic extent of erupted material. The Laki and Skuggafjöll eruptions,
which are the focus of this thesis, are introduced below. Details of the samples collected from
each eruption are provided. In the second half of this chapter, both methods of data acquisition
and sources of collated data are discussed. Particular attention is paid to differentiate between
new data collected as part of this thesis and data collected by other workers.
2.2 The ad 1783–84 Laki (Skaftár Fires) eruption
2.2.1 Overview of eruption
The Lakagígar cone row, along which the ad 1783–84 Laki eruption took place, is located
within the Grímsvötn volcanic system in the Eastern Volcanic Zone (EVZ) of Iceland (Figure
1.5; Jóhannesson & Sæmundsson, 2009). Thordarson & Self (1993) provide a detailed description
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Figure 2.1: Map showing the extent of flows emplaced during the ad 1783–84 Laki (Skáftar
Fires) eruption. The 27 km long series of fissures is shown as a thick northeast-southwest
striking black line. The first phases of eruption were in the southwest with subsequent phases
progressing stepwise to the northeast. Dates of lava lobe emplacement illustrate how the lava
flowed from source vents down gorges to the coastal plain. Black circles and associated
sample numbers show the location of the samples collected by Emma Passmore (Passmore,
2009; Passmore et al., 2012) that are used in this thesis. The inset map in the bottom right
shows the location of the Laki fissure within the EVZ of Iceland. Flow boundaries and dates
are reproduced from Thordarson & Self (1993).
of the physical volcanology and timeline of the Laki eruption, known locally as the Skaftáreldar
(Skaftár Fires). The eruption took place over approximately eight months from June 1783 to
February 1784 as part of a two-year-long volcano-tectonic episode in the Grímsvötn volcanic
system along a 27 km series of 10 en echelon fissures that opened in a step-wise fashion from
southwest to northeast. The opening of each new fissure marked the start of a distinct phase of
eruption. Each new phase was characterised by a short-lived explosive period of activity that
subsequently gave way to weaker fountaining activity and lava effusion. Fissures I–V opened to
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the southwest of Laki Mountain, from which the eruption gets its name. Fissures VI–X opened
to the northeast of Laki Mountain. During phases I–V lava was channelled from its source in the
highlands down the Skaftá river gorge onto the Síða coastal plain (Figure 2.1). During phases
VI–X, lava was largely channelled down the Hverfisfljót river gorge. The lava eventually covered
an area of ∼600 km2.
Detailed studies of lava flow emplacement and shallow degassing have been undertaken by
Thordarson & Self (1993), Thordarson et al. (1996) and Guilbaud et al. (2007). Thordarson
et al. (1996) estimate that ∼122 megatons (Mt) of SO2 were emitted during the Laki eruption,
of which 80% was released at the source vents and 20% from lava flows. Significant amounts of
HF and HCl were also emitted (∼15 Mt and ∼7 Mt respectively), with regional-scale deposition
of HF causing widespread livestock mortality because of fluorosis. The combined effects of a
harsh winter, possibly as a result of sulphate aerosol production (Thordarson et al., 2003), and
famine from the loss of livestock led to the death of ∼22% of the Icelandic population. The
sulphurous haze generated by the eruption extended over much of the Northern Hemisphere and
may be associated with increased mortality in the period 1783–85 (e.g. Grattan et al., 2005).
Sigmarsson et al. (1991) report that the lava erupted in all phases of the Laki eruption
was quartz normative in composition and showed a high degree of isotopic homogeneity. In
their recent study, however, Passmore et al. (2012) observe statistically significant variations
in both whole-rock and crystal compositions from samples collected across the Laki system.
Geochemical variability in whole-rock samples is interpreted as a record of variable degrees
of mush addition at shallow depths shortly before eruption. These observations of Passmore
et al. (2012) provided much of the initial motivation for Chapter 3, where an assessment of
geochemical variability in macrocrysts and melt inclusions will complement whole-rock records.
Previous melt inclusion studies on the Laki eruption have focussed on volatile measurements
and the gas output of the eruption (Métrich et al., 1991; Thordarson et al., 1996). The melt
inclusion data discussed in this thesis are, by contrast, focussed on investigating deep magmatic
processes. The most recent investigation of the deep Laki plumbing system was undertaken by
Bindeman et al. (2006), who interpret the presence of low and heterogeneous δ18Omelt values
of 2.2–5.2% in olivine and plagioclase macrocrysts as evidence for 25–40% bulk assimilation of
altered, low δ18O hyaloclastite into the Laki magma. Records of U-series disequilibria constrain
magma residence times in the Laki plumbing system to 100–1000 years (Bindeman et al., 2006).
2.2.2 Sample collection
Samples were drawn from the set of 47 basalt hand specimens and seven tephra samples collected
by Emma Passmore and co-workers (Passmore, 2009; Passmore et al., 2012). Sample locations
are shown on Figure 2.1. Lava and tephra samples were collected between 2004 and 2006
from distal and proximal regions of flows across a range of eruptive phases. Particular care was
taken to avoid regions of alteration, or segregation structures that could affect lava geochemistry
(Hartley & Thordarson, 2009). The latitude, longitude and elevation of each sample was recorded
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with a hand-held GPS and is provided in Appendix A.1.
2.3 The Skuggafjöll eruption
2.3.1 Overview of eruption
The Skuggafjöll eruption occurred at the southwestern end of the fissure swarm associated with
the Bárðarbunga-Veiðivötn volcanic system (Figure 1.5; Jóhannesson & Sæmundsson, 2009).
Skuggafjöll is an ∼820 m high mountain that forms part of a northeast-southwest striking hyalo-
clastite ridge, or ‘tindar’, approximately half way between the Mýrdalsjökull and Vatnajökull
glaciers in southern Iceland at 63.968°N, 18.695°W (Figure 2.2). The lower slopes of the moun-
tain are mainly composed of pillow lavas that are occasionally intercalated with hyaloclastite.
Pillow lavas are highly but variably phyric, with >1 mm macrocrysts of plagioclase, olivine and
clinopyroxene identifiable in the field. A transition from pillow lavas to hyaloclastite occurs half
way up the mountain at ∼700 m elevation. This is a structure typical of subglacially formed
table mountains, or ‘tuyas’, in Iceland (Werner & Schmincke, 1999; Jakobsson & Guðmundsson,
2008). No capping lavas were observed at the summit of the mountain.
Chapter 5 uses the Skuggafjöll eruption as a template for understanding the genesis of
highly phyric basalts by crystal mush disaggregation. Pillow lavas from Skuggafjöll contain
large portions of glassy or very fine grained groundmass, and are thus well suited for combined
microanalytical and textural study; both macrocrysts and their host melt can be investigated
microanalytically whilst preserving their textural associations. In their recent study of the
Thjórsá lava, which is petrologically similar to the Skuggafjöll eruption but highly crystalline,
Halldórsson et al. (2008) were limited to analysis of macrocryst and groundmass separates for
analysis and therefore lost textural associations amongst macrocrysts and between macrocrysts
and the groundmass. The main disadvantages in studying the Skuggafjöll eruption is that
eruption age and erupted volume are poorly constrained. The presence of fresh pillow lavas and
hyaloclastite indicates that the Skuggafjöll eruption occurred during the last glaciation at 0.01–
0.78 Ma (Jakobsson & Guðmundsson, 2008), and most likely during the recent Weichselian glacial
period (0.01–0.11 Ma). A minimum erupted volume of ∼0.2 km3 is estimated by approximating
the shape of the edifice to a cone with a basal radius of 1 km and a height of 0.2 km. However, if
erosion and burial by subsequent eruptions were considered, it is likely that the erupted volume
was substantially larger.
2.3.2 Sample collection
Samples were collected during two field seasons in 2011 and 2012 and consist of 24 glassy pillow
lava hand specimens, two hyaloclastite hand specimens and three hyaloclastite-hosted basaltic
lithic hand specimens. Many hyaloclastite-hosted lithics have glassy margins and represent
the remains of pillow lavas fragmented during explosive phreatomagmatic activity. Weathered
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Figure 2.2: Map showing the location of samples collected from Skuggafjöll as part of
this thesis. The inset map shows the location of Skuggafjöll in the EVZ of Iceland. The
approximate extent of pillow lavas and hyaloclastite associated with the eruption is shown
by the red shaded area. Sampling locations for both pillow lavas and hyaloclastite, along
with sample numbers, are shown on the map by diamonds and circles respectively. Basaltic
lithics were also collected from within the hyaloclastite. Pillow lavas are restricted to the
lower flanks of the mountain, with the higher slopes being composed of hyaloclastite. No
capping lavas were found at the top of the mountain.
lavas containing yellow olivine macrocrysts, brown plagioclase macrocrysts or mud-filled vesicles
were avoided during sampling. Particular attention was paid to collecting samples with a wide
range of macrocryst contents. Samples were only collected from flow lobes that were uniformly
macrocryst-rich or macrocryst-poor, in order to mitigate the effects of within-flow crystal sorting
(e.g. Mathews et al., 1964). The latitude, longitude and elevation of each sample was recorded
using a hand-held GPS with an accuracy of ∼5 m. Sample locations are shown on Figure 2.2
and are provided in Appendix A.2.
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2.4 Microscopy and point-counting
Thin sections of all samples were investigated optically using a petrographic microscope at the
University of Cambridge before performing any other analyses. Backscattered electron (BSE)
images were produced from thin sections using a JEOL JSM-820 scanning electron microscope
(SEM) at the University of Cambridge, UK. An accelerating voltage of 15 kV was used with a
working distance of 16 mm. Cathodoluminescence (CL) images were produced using a Gatan
MonoCL instrument interfaced with the SEM. BSE images of samples from Skuggafjöll were also
produced using an FEI Quanta 650 FEG-ESEM at the University of Leeds using an accelerating
voltage of 20 kV was used with a working distance of 12 mm.
The macrocryst phase proportions and vesicularity of pillow lava and basaltic lithic samples
from Skuggafjöll were determined using point-counting. A mechanical slide holder was moved in
steps of 0.3 mm in both the x and y directions, generating between 1500 and 2000 points per thin
section depending on the sample size. Olivine, clinopyroxene and plagioclase, groundmass and
vesicles were counted as discrete phases. Crystals under a size threshold of 150 µm were counted
as groundmass. This threshold was assigned on the basis of the smallest crystal sizes present in
glassy portions of samples. The precision of phase proportion measurements was estimated by
repeat counting of eight samples, providing a total of 24 repeats. Each thin section was assumed
to be representative of the whole sample and crystals were assumed to be randomly oriented
throughout. The 1σ relative precision of counts is estimated as 4.5% for plagioclase, 17.7% for
clinopyroxene, 23.0% for olivine and 5.0% for the total macrocryst content.
2.5 Analytical methods
2.5.1 X-ray fluorescence spectrometry
A total of 32 whole-rock samples from Skuggafjöll were analysed by X-ray fluorescence spectrom-
etry (XRF) for major and trace elements. Samples were cut into 10–15 cm3 blocks, washed in
distilled water and dried prior to crushing in a steel jaw crusher and powdering in an agate ball
mill at the University of Cambridge. Samples were prepared according to the methods outlined
by Fitton et al. (1997) at the University of Edinburgh. Major elements were measured in fused
glass discs produced by fusing 0.95 g of sample powder with a lithium borate flux in a ratio of
5:1 flux:sample. Trace elements (including Nb, Zr, Y, Sr, Zn, Cu, Ni and Cr), were measured
in pressed powder pellets composed of 8 g of sample powder mixed with a polyvinyl alcohol
binding agent. Analyses were performed following the procedures of Fitton et al. (1998), with
modifications by Fitton & Godard (2004), using a Philips PW 2404 instrument at the University
of Edinburgh.
Repeat analyses of the international standard BHVO-1 and two internal standards over many
(n = 136) analytical sessions were used to estimate the accuracy of major element analyses.
Accuracy of all major element analyses is estimated better than ±1.5% apart from for Na2O
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and P2O5 that overestimate literature values by 8.4% and 6.7% respectively (Govindaraju et al.,
1994). Accuracy of trace element analyses was estimated using measurements of international
standards BIR-1, BCR-2 and BHVO-1 (Govindaraju et al., 1994) during trace element analyses.
Accuracy of trace element analyses is estimated as ±1% or better using BIR-1 and BHVO-1,
but up to ±2% for more abundant trace elements (e.g. Zr and Sr) and up to ±7% for less
abundant trace elements (e.g. U, Th and Rb) using BCR-2. Analytical precision, incorporating
errors associated with sample powder heterogeneity and preparation, was estimated by preparing
and measuring three repeats of four different samples. 1σ relative precision is estimated to be
substantially less than ±5% for most major elements (SiO2, Al2O3, FeOt, MgO, CaO and
Na2O) and some trace elements (Zr, Nb and Y), but higher for TiO2, K2O and P2O5 (±5.8%,
±47.0% and ±7.4% respectively) as well as some trace elements (±25.0% for La, ±5.8% for Rb
and ±28.6% for Pb). Estimates of 1σ relative precision for all elements analysed by XRF are
provided in Table 2.1.
2.5.2 Inductively coupled plasma mass spectrometry
All samples from Skuggafjöll analysed by XRF were also analysed for trace elements by induc-
tively coupled plasma mass spectrometry (ICP-MS) using a Perkin Elmer Elan DRCII instru-
ment at the University of Cambridge. 0.1 g of powder of each powdered sample was dissolved
at 120°C for 24 hr in Teflon vials containing 1 ml 16 N QD HNO3 and 4 ml 48% HF. When
complete digestion had been achieved, HF was removed by progressive evaporation, with sam-
ples topped up three times with 1 ml 16 N QD HNO3. When evaporation had been completed,
16 N QD HNO3 was added until a volume of 2.5 ml had been achieved. Solutions were diluted
to 3.5% HNO3 prior to running on the ICP-MS.
The international standard NIST610 was used to calibrate the instrument. Blanks, in-
ternational basaltic standards BIR-1 and BCR-2G and an in-house depleted basalt standard,
Hal-SN05, were prepared alongside the samples to estimate accuracy, which was generally ±5%,
and always better than ±10%, relative to BIR-1 and BCR-2G (Jochum et al., 2005). Analytical
precision, including errors associated with sample dissolution and evaporation, was estimated
by preparing ten repeats of sample HOR-11-01 and running them alongside the other samples.
1σ relative precisions are estimated to be ±3.5–5% for the majority of trace elements, including
the rare earth elements (REEs) and provided in Table 2.1.
2.5.3 Electron probe microanalysis
Major element compositions of macrocrysts and matrix glasses from both Laki and Skuggafjöll
were determined by electron probe microanalysis (EPMA) using a Cameca SX100 instrument
at the University of Cambridge. Matrix glass analyses were performed with a spot size of 10
µm, an operating potential of 15 kV and a beam current of 6 nA. Macrocryst analyses were
performed with an operating potential of 15 kV and a beam current of 10 nA. A spot size of 5
µm was used for plagioclase analyses to minimise Na mobilisation. A focussed beam was used
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Element XRF (WR) ICP-MS (WR) LA-ICP-MS (MI) LA-ICP-MS (cpx)
%Aa % Pb %Ac %Pd %Ae %Pf %Ag %Ph
SiO2 100.6 0.4
TiO2 100.6 5.8
Al2O3 99.2 2.7
FeOt 101.1 3.7
MnO 101.0 4.1
MgO 99.3 0.8
CaO 100.4 1.6
Na2O 109.2 1.0
K2O 101.4 7.0
P2O5 107.1 7.4
K 76.7 23.3 105.4 93.9
Sc 110.3 1.7 97.7 3.8 79.7 6.0 121.8 5.3
Ti 93.2 7.5 107.7 9.2
V 96.5 0.5 102.0 2.7 95.6 6.6 101.8 7.5
Cr 98.5 1.8 102.3 4.5 89.9 9.0 94.7 11.0
Mn 119.3 5.0 77.4 8.6
Co 93.3 3.2 101.5 13.3
Ni 97.1 0.9 98.9 4.6 91.7 3.5 106.7 16.5
Cu 97.0 0.5 105.3 3.4
Zn 100.3 0.6 100.6 3.4
Rb 86.3 5.8 101.9 10.2
Sr 97.0 0.1 99.1 3.9 91.8 5.1 104.6 19.1
Y 99.4 0.5 101.6 3.7 113.9 9.8 90.7 6.4
Zr 97.5 0.5 96.8 4.2
Nb 101.8 1.1 101.9 3.2
Ba 95.7 4.0 101.7 4.3 98.1 5.9 95.2 88.5
La 74.1 25.0 99.5 3.6 100.2 12.9 98.2 16.0
Ce 100.3 4.5 99.2 3.7 94.6 7.4 102.6 9.4
Pr 102.6 3.5 96.7 10.9 100.7 9.5
Nd 103.8 5.6 98.9 3.6 100.9 12.8 98.9 7.8
Sm 99.0 4.1 109.1 14.2 96.6 10.9
Eu 99.2 3.8 99.7 9.6 100.8 7.9
Gd 101.8 3.5 113.8 16.9 92.6 9.6
Tb 100.4 3.7 114.5 14.7 91.1 7.2
Dy 100.6 3.5 104.6 13.2 97.9 7.9
Ho 100.5 4.2 111.8 16.7 92.5 7.0
Er 101.4 3.3 110.0 12.9 98.1 10.7
Tm 107.2 3.2 115.2 19.0 87.7 8.3
Yb 99.3 3.8 110.3 8.2 94.5 7.7
Lu 100.9 3.6 110.2 14.3 89.6 9.0
Pb 103.5 9.8
Th 98.6 3.2
U 105.8 3.8
Table 2.1: Summary of estimated accuracy and precision for all elements measured by XRF
and (LA)-ICP-MS. Accuracy expressed as % recovery (%A) with respect to the following
standards: aBHVO-1 (Govindaraju et al., 1994); and c,e,gBCR-2G (Jochum et al., 2005).
Precision expressed at 1σ percentage relative error (%P) and calculated using the following:
bthree repeats of four samples; dten repeats of HOR-11-01A; f12 repeats of BCR-2G; and h21
intra-zone repeats.
WR, whole-rock analysis; MI, melt inclusion analysis; cpx, clinopyroxene macrocryst analysis
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for olivine, clinopyroxene and Cr-spinel. Counting times were as follows: 20 s for major elements
in glass and crystals except for Ti which was counted for 60 s and Na which was counted for 10
s; 30 s for trace elements in crystals; 60 s for P, Cr, Mn and Ni in glass. Calibration standards
were as follows: jadeite for Na, periclase for Mg, Si glass for Si, K-feldspar for K, rutile for
Ti, fayalite for Fe, corundum for Al, apatite for P, and pure metals for Cr, Mn and Ni. Data
reduction was performed using the inbuilt Cameca X-Phi PeakSight software for glass analyses
and PAP corrections for mineral analyses. Most analyses returned totals of 98.5–100.5 wt.%.
Samples with totals outside this range or with inappropriate stoichiometry were discarded.
Macrocryst compositions are summarised throughout as follows: anorthite content for pla-
gioclase [An = 100 × atomic Ca/(Ca+Na)]; magnesium number for clinopyroxene [Mg# = 100 ×
atomic Mg/(Mg+Fe2+)]; forsterite content for olivine [Fo = 100 × atomic Mg/(Mg+Fe2+)]; and
chromium number for spinel [Cr# = 100 × atomic Cr/(Cr+Al)]. Repeat analyses of standards
were used to determine the precision of An, Mg# and Fo measurements. Anorthite content in the
Anorthite55 standard was determined with a precision of ±1.00(2σ) mol.% (n=40). Forsterite
content of the St. John’s Island Olivine standard was determined with a precision of ±0.46(2σ)
mol.% (n=27). Precision of clinopyroxene Mg# content was similar to the precision of forsterite
content in olivine. Typical 1σ relative precisions of major element analyses in basaltic glasses
are provided in Table 2.2.
2.5.4 Laser ablation inductively coupled mass spectrometry
Selected trace elements were measured in clinopyroxene macrocrysts and plagioclase-hosted melt
inclusions from Skuggafjöll by laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) using a Perkin Elmer Elan DRCII instrument interfaced with a New Wave Research
UP213 laser ablation system at the University of Cambridge. A spot size of 120 µm was used
for macrocryst analyses to maximise sample delivery to the mass spectrometer. The small size
of melt inclusions necessitated the use of smaller 60–80 µm spots. A laser repetition rate of
10 Hz and laser power of 1 mJ (10 J/cm) were used for the entire study. The total ICP-MS
data acquisition time was 50 s. For each spot the first 20 s was a gas blank, followed by 30
s of laser analysis. There was a 40 s gas rinse-out time after each spot to allow the element
signals to return to baseline levels before analysing the next spot. NIST-610 (Jochum et al.,
2011) was used as the calibration standard and concentrations were calculated by normalising
Ca to Ca determined by EPMA. Matrix corrections were performed using repeat analyses of the
international glass standard BIR-1 (Jochum et al., 2005).
Repeat analyses of the international glass standards NIST612 (Jochum et al., 2011), BCR-
2G (Jochum et al., 2005) and GOR-128 (Jochum et al., 2006) were used to estimate precision
and accuracy. Most trace elements were determined with an accuracy of ±10% with respect to
published values (Table 2.1). Elements with recoveries outside of this range were not used in
subsequent calculations. 1σ relative precisions of REEs and Sr measurements in clinopyroxene
macrocrysts were estimated as ±10% using repeat analyses within individual crystal zones,
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Figure 2.3: Calibration curves used to calculate (a) CO2 and (b) H2O concentrations from
12C/30Si and 1H/30Si ion yield ratios. Standard compositions are from Hauri et al. (2002c)
and Shishkina et al. (2010).
and are provided in Table 2.1. Typical 1σ relative precisions of trace element measurements
in melt inclusions were estimated as ±10–15% using repeat analyses of BIR-1, BCR-2G and
GOR-128, and are provided in Table 2.1. Glitter software (GEMOC, Australia) was used to
process the raw data files containing the signal intensity versus time data (the output from the
Elan software). This allows precise selection of blanks and signals, and rapid visualisation of
the intensity data. Any contaminated or unsatisfactory signals could be easily identified and
excluded using Glitter.
2.5.5 Secondary ion mass spectrometry
As part of this thesis, a large number of olivine-hosted melt inclusions from Skuggafjöll (n
= 110) were measured in two five-day analytical sessions for both volatile and trace element
content by secondary ion mass spectrometry (SIMS). A few (n = 8) matrix glass samples were
also measured using the same method. A small number of analyses on plagioclase macrocryst
zones from Skuggafjöll (n = 18) were also made by Margaret Hartley to inform the investigation
presented in Chapter 5. All SIMS data discussed in this thesis were collected on a Cameca
ims-4f instrument at the NERC Ion Microprobe Facility at the University of Edinburgh.
CO2 analyses in melt inclusions and matrix glasses
Carbon (C) was measured separately from other volatiles and trace elements with the SIMS
configured for high mass resolution to ensure good separation of 12C and 24Mg2+ peaks. Other
volatiles and trace elements were subsequently measured in a second round of analyses. SIMS
measurements of C were the first measurements made on the samples. Samples were only
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Element EPMA SIMS (MI) SIMS (plg)
%Pa %Ab %Pc %Ad %Pe
SiO2 0.5
TiO2 3.0
Al2O3 2.1
FeOt 8.1
MnO 69.2
MgO 2.5
CaO 3.1
Na2O 6.1
K2O 40.0
P2O5 30.7
CO2 100.1 4.6
H2O 104.8 4.6
F 13.0
S 25.5
K 92.7 1.0 112.7 2.8
Ti 98.0 0.5 1.1
Rb 91.2 12.0 4.2
Sr 99.6 0.4 103.9 0.8
Y 100.3 1.1 25.8
Zr 98.6 1.4
Nb 90.5 4.7
Ba 94.9 1.2 114.6 1.2
La 99.1 1.6 106.5 4.8
Ce 98.5 1.2 104.4 3.8
Pr 94.0 2.7
Nd 94.8 2.3
Sm 100.6 6.4
Eu 100.8 1.9
Gd 95.6 3.4
Tb 103.0 7.0
Dy 101.4 7.3
Ho 102.1 8.0
Er 101.0 3.7
Tm 96.7 7.6
Yb 101.2 6.1
Lu 93.8 7.0
Hf 96.3 3.5
Table 2.2: Summary of estimated accuracy and precision for all elements measured by
EPMA and SIMS. Accuracy expressed as % recovery (%A) with respect to the following
standards: bML3B-G (Jochum et al., 2006) for trace elements and range of standards with
compositions given by Hauri et al. (2002c) and Shishkina et al. (2010) for CO2 and H2O;
and dSHF-1 (Irving & Frey, 1984). Precision expressed at 1σ percentage relative error (%P)
and was calculated using the following: atypical counting statistics for basaltic glass analyses;
csix repeats of ML3B-G for trace elements (Jochum et al., 2006), 12 repeats of M5 and M36
(Shishkina et al., 2010) for CO2 and 15 repeats of M10 and M40 (Shishkina et al., 2010) for
H2O; and e12 repeats of SHF-1 (Irving & Frey, 1984).
WR, melt inclusion analysis; plg, plagioclase macrocryst analysis
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C-coated and analysed by EPMA after SIMS to prevent the risk of the C-coat contaminating
samples. Measurements were made using a primary O− ion beam with an accelerating voltage of
15 kV, a beam current of 5 nA, a secondary accelerating voltage of 4500 V minus a 50 V offset and
a 25 µm image field. The ion beam was rastered over an area of approximately 25 µm2 for >120 s
prior to analysis to remove surface contamination. The raster was then switched off and a 10 µm
beam centred in the middle of the rastered area was used to make measurements. The following
isotopes were measured for 20 cycles, with counting times in seconds in parentheses: 12C(5),
24Mg2+(10), 28Si2+(2) and 30Si(2). Only counts from the final 10 cycles, when count rates reach
an asymptote and the effects of surface contamination are minimal, were retained to calculate C
concentrations. A background correction was performed by subtracting the number of C counts
measured using the CO2-free standard N-72 (Shishkina et al., 2010) and fully CO2 degassed
matrix glasses samples. C concentrations were calculated using a calibration curve constructed
with a suite of basaltic glass standards of CO2 content 0–2000 ppm prepared by Isobel R. Sides
using samples from Hauri et al. (2002c) and Shishkina et al. (2010). Calibration curves used in
the two analytical sessions are shown in Figure 2.3. Average accuracy was estimated as ±0.1%
by comparison of measured concentrations with published compositions determined by FTIR.
Precision was estimated as 1σ = ±5% using 12 repeat analyses of both standards and samples.
H2O, F and trace element analyses in melt inclusions and matrix glasses
Water (H2O), fluorine (F) and trace elements were measured as part of the same analysis set-
up after C analyses had been completed. Measurements were made using a primary O− ion
beam with an accelerating voltage of 15 kV, a beam current of 5 nA, a secondary acceler-
ating voltage of 4500 V minus a 75 V offset and a 25 µm image field. Analyses were made
with a spot size of approximately 25µm × 25µm centred in the pit made during the pre-
ceding C analysis. The following isotopes were measured for 20 cycles, with counting times
in seconds in parentheses: 1H(5), 19F(5), 30Si(2), 35Cl(5), 39K(3), 47Ti(3), 84Sr(3), 85Rb(3),
88Sr(3), 89Y(3), 90Zr(3), 93Nb(3), atomic mass 130.5(3), 138Ba(3), 139La(3), 140Ce(3), 141Pr(5),
143Nd(5), 149Sm(8), 151Eu(10), 156Gd(5), 159Tb(10), 161Dy(10), 165Ho(10), 167Er(15), 169Tm(20),
171Yb(20), 174Yb(20), 175Lu(20) and 178Hf(20). Peak positions were verified before each analy-
sis, and mass 130.5 was measured to determine backgrounds in each cycle, which were always
sufficiently close to zero to be ignored.
H2O concentrations were calculated using a calibration curve constructed with M10 and M40
glass standards containing H2O contents 0.75 and 3.07 wt.% prepared by Isobel R. Sides using
samples from Shishkina et al. (2010). Calibration curves used in the two analytical sessions are
shown in Figure 2.3. Accuracy was estimated at ±10% based on the comparison of measured
M10 and M40 compositions with published values. Precision was estimated as 1σ = ±10%
using 15 repeat analyses of M10 and M40. Drift was monitored using repeat analyses of M10
and M40 at the start, middle and end of each day. 9% drift in calculated H2O concentrations was
observed on two days of H2O data collection and a linear correction was made. F concentrations
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were calculated using a calibration curve constructed with the international standards GSD-1G,
ML3B-G and BCR-2G (Jochum et al., 2005, 2006). Accuracy was estimated at ±30% based
on the comparison of measured GSD-1G, ML3B-G and BCR-2G compositions with published
values (Jochum et al., 2005, 2006). Precision was estimated as 1σ = ±5% using 15 repeat
analyses of M10 and M40.
NIST-610 was used as the calibration standard for trace element analyses (e.g. Jochum
et al., 2011). Concentrations were calculated by normalising 30Si to Si determined subsequently
by EMPA at the University of Cambridge. The following international standards were measured
at the start of each day to monitor the calibration and drift: GSD-1G, BCR-2G, GOR132-G,
ML3B-G (Jochum et al., 2005, 2006). The trace element content of M10 and M40 was also
monitored throughout each day to check for drift, though none was observed. Absolute element
concentrations were calculated using JCION-6 software, where corrections were also made for
oxide interferences of light REEs on the heavy REEs and BaO on Eu. The magnitude of oxide
correction relates to the offset voltage at which the data are processed. The appropriate offset
voltage varied between different samples, and was found to be 77±5 V. The second analytical
session was normalised to the first using the mean composition of ML3B-G from each session,
which was the most measured standard in both sessions.
Accuracy was monitored by analysis of international standards, ML3B-G, GOR128-G and
BCR-2G though analytical sessions. Using ML3B-G, which has the most similar composition to
the measured samples, accuracy was estimated at ±5% or better for all trace elements apart from
Lu (-11%). Using GOR128-G, accuracy was estimated at ±10% or better for most trace elements
except Rb (200%), La (72%), Nd (-20%), Sm (13%), Dy (-18%) and Hf (21%). However, GOR-
128-G is highly depleted, and consequently highly incompatible elements have concentrations at
or below the detection limit of SIMS. Poor estimates of accuracy from this sample are therefore
not indicative of poor analysis of actual samples. Using BCR2-G, accuracy was estimated at
±8% or better for all trace elements apart from Nd (-10%), Sm (21%) and Tm (-15%). Precision
was estimated as 1σ = ±5% using 15 repeat analyses of M10 and M40 for trace elements of high
abundance (e.g. Ce, Sr) and as up to 1σ = ±10% for trace elements of low abundance (e.g. Lu,
Hf). Typical 1σ relative precisions are provided in Table 2.2.
Trace element analyses in plagioclase macrocrysts
Measurements were made using a primary O− ion beam with an accelerating potential of 10 kV,
a beam current of 5 nA and a secondary accelerating voltage of 4500 V minus a 75 V offset. The
following isotopes were measured for 10 cycles, with counting times in seconds in parentheses:
7Li(5), 26Mg(5), 30Si(2), 31P(5), atomic mass 38.3(1), 39K(2), 42Ca(2), 47Ti(3), 85Rb(5), 88Sr(3),
89Y(10), atomic mass 130.5(5), 138Ba(6), 139La(15) and 140Ce(10). Peak positions were verified
before each analysis, and masses 38.3 and 130.5 were measured to determine backgrounds in each
cycle and were always sufficiently close to zero to be ignored. NIST-610 (Jochum et al., 2011)
was used as the calibration standard and concentrations were calculated by normalising 30Si
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to Si determined by EPMA. Absolute element concentrations were calculated using JCION-
6 software. Individual correction factors were applied for each element of interest based on
comparison of known ion yields relative to 30Si for plagioclase standards with those of glass
standards (Hinton, 1990). Precision was estimated by repeat analysis of the SHF-1 plagioclase
standard (Irving & Frey, 1984), and indicates that trace elements were determined with 1σ
relative precision of ±5% for all elements except Y, which was determined with a precision of
±25%. Typical 1σ relative precisions are provided in Table 2.2.
2.5.6 Raman spectroscopy and heating/cooling stage experiments
Melt inclusion-hosted bubbles were also investigated using Raman spectroscopy (e.g. Frezzotti
et al., 2012) and heating/cooling stage experiments (e.g. Hansteen & Klugel, 2008). Prior to
SIMS analysis∼200 bubble-bearing melt inclusions were mounted in CrystalBond™ and polished
for analysis by Raman spectroscopy using a Horiba LabRam™ instrument at the University of
Cambridge, UK. Additionally, 10 olivine grains were individually polished and subjected to slow
cooling to −90◦C followed by slow heating to 35◦C using a Linkham THMS650 heating/cooling
stage interfaced with a Zeiss AxioScope™ microscope.
2.6 Imaging and textural analysis
2.6.1 BSE image calibration
The intensity of a BSE image directly correlates with the density of the material being imaged
(Reed, 2005). In plagioclase there is a linear relationship between anorthite content and density,
and hence the same relationship with BSE intensity (Ginibre et al., 2002a). In a thin section
of sample LAK12 the correlation between anorthite content and BSE intensity was tested and
found to be strong (r = 0.833; Figure 2.4). BSE images were calibrated for anorthite content
using the image processing tool ImageJ (http://rsb.info.nih.gov/ij/) for some thin sections from
the Laki eruption with coincident BSE images and EPMA analyses.
2.6.2 QEMSCAN® imaging
QEMSCAN® images were produced for two thin sections from Skuggafjöll (SKU-12-18 and SKU-
12-14A) in collaboration with FEI. These two thin sections were selected because they contain
abundant macrocrysts set in fine-grained or glassy groundmasses, and therefore reliably preserve
pre-eruptive mineral textures. Mineral and texture mapping was carried out using a QEMSCAN
650F at FEI’s Centre of Excellence in Brisbane, Australia. Typically 5 to 7 million X-ray spectra
were collected during a 10 µm raster grid of the entire thin section surface, according to methods
outlined in Gottlieb et al. (2000) and Pirrie et al. (2004). More detailed scans were carried out
at higher spatial resolutions (5 and 2.5 µm) on areas of specific interest, such as glomerocrystic
clusters of macrocrysts. Species identification was undertaken by comparing EDS spectra from
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Figure 2.4: Plot showing the strong linear correlation between BSE grayscale intensity
and plagioclase anorthite content for a BSE image of sample LAK12. 1σ errors in grayscale
intensity estimated from noise in BSE images. 1σ errors in anorthite content are smaller than
the size of symbols used.
each pixel with a large reference database of spectra from known mineral standards. Plagioclase
zoning was resolved using plagioclase species identification protocol (SIP) compositions that
took into account relative Ca and Na contents. Olivine zoning was resolved using relative Mg
and Fe contents.
2.6.3 Crystal size distribution (CSD) calculation
Crystal size distributions (CSDs) were calculated for both the Laki and Skuggafjöll eruptions.
For Laki, a plagioclase CSD was calculated using stitched BSE images. Sample LAK04 was
chosen for the CSD calculation because it is glassy and the effects of in situ crystallisation
on the CSD are mitigated by using a rapidly quenched sample. Plagioclase crystal sizes were
extracted from BSE images using the ‘threshold’ tool in ImageJ down to the limit of reliable
BSE image resolution (∼10 µm). The CSD was calculated over an area of 53.46 mm3 using
7819 crystals. Stereological corrections and CSD calculations were performed using CSDcor-
rections (Higgins, 2000). Best-fit crystal habits were determined using the Microsoft Excel
spreadsheet CSDslice (Morgan & Jerram, 2006). Stereological corrections are highly sensitive
to the crystal habits used (Armienti, 2008). Therefore, CSDs were calculated using a range of
crystal habits in addition to the best-fit habit from CSDslice in order to test the robustness of
calculations. Varying crystal habits within the uncertainties of CSDslice do not significantly
affect the CSD from Laki presented in this thesis.
Plagioclase, clinopyroxene and olivine CSDs were calculated for Skuggafjöll by digitally trac-
ing macrocrysts and vesicles on high resolution (4000 dpi) scans of three thin sections. Macro-
crysts were defined as having a long axis length of >150 µm, consistent with the size threshold
33
2. Samples and methods
used in point-counting. Thin sections were chosen to represent a wide range of macrocryst
contents: HOR-11-01B has a macrocryst content of 39.9%; SKU-11-02A a macrocryst content
of 29.4%; and SKU-11-01B a macrocryst content of 18.1% (Table 4.1). Macrocryst and vesicle
size data were extracted from images to which thresholds had been applied using the ‘analyse
particles’ tool in ImageJ. CSDs were calculated over areas of ∼700 mm3, using 1751–2159 crys-
tals for plagioclase, 214–405 crystals for clinopyroxene and 111–293 crystals for olivine. The
habit of plagioclase macrocrysts in Skuggafjöll varies significantly with crystal size: large grains
have stubby, low-aspect-ratio habits (length/width ∼ 1.5); and small grains have elongate, high-
aspect-ratio habits (length/width > 2). The change of crystal habit occurs at a crystal length of
∼600 µm, but is not clearly defined: some low-aspect-ratio plagioclase macrocrysts are shorter
than 600 µm and some high-aspect-ratio plagioclase macrocrysts are longer. In order to account
for this variability in crystal habits, CSDs were calculated using the square root of measured
macrocryst areas instead of crystal lengths. Using this method, elongate crystals with small
areas for a given crystal length can be distinguished from stubby crystals with larger areas for
the same crystal length. No stereological conversions were applied. CSDs were calculated us-
ing linearly spaced 150 µm bins for plagioclase and linear 100 µm bins for clinopyroxene and
olivine. Although the square root of macrocryst area is a more abstract dimension than macro-
cryst length, by using this approach it was possible to avoid introducing errors that would arise
from applying stereological corrections that are inappropriate for whole CSDs. Petrogenetically
important features in CSDs, such as changes in gradient, could thus be interpreted with greater
confidence than if inappropriate stereological corrections had been applied.
2.6.4 Vesicle size distribution (VSD) calculation
Vesicles were digitally traced on high-resolution (4000 dpi) scans of two thin sections from
Skuggafjöll. Vesicle areas were then measured using the analyse particle tool in ImageJ, and
converted to vesicle diameters for further analysis by assuming that vesicles were perfect spheres.
A stereological correction factor of 1.18 was subsequently applied to vesicle diameters (Cashman
& Marsh, 1988; Mangan et al., 1993). Vesicles were divided into 100 µm size bins and plotted on
VSD diagrams of L versus ln(n). Vesicle number densities (Nt) were calculated from regression
lines fitted through linear arrays on VSD diagrams. In both samples, the smallest size bins (<0.1
mm) were discarded from regressions because small vesicles were not reliably traced, leading to
the underestimation of population densities. Large size bins (>1 mm) were also discarded from
regressions because they do not contain statistically meaningful vesicle populations. Addition-
ally, large vesicles may have either experienced coalescence or have been inherited from previous
vesiculation events.
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2.7 Data collation
2.7.1 EPMA data from the Laki eruption
Passmore et al. (2012) recently published a comprehensive suite of geochemical analyses from
the Laki eruption. Whilst combined whole-rock geochemistry and point-counting systematics
are the primary focus of their study, Passmore et al. (2012) also collected a large number of
EPMA analyses (n = 1597) from the same samples used in this thesis. The data from Passmore
et al. (2012) are thus integrated into the same database as new data when detailed information
about the context of analysis is not required.
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Figure 2.5: Comparison of new EPMA analyses of Laki macrocrysts (red) with analyses
collated from Passmore et al. (2012) (grey). (a) The CaO and Na2O content of plagioclase
macrocrysts define overlapping arrays. (b) The MgO and FeOt content of clinopyroxene
macrocrysts define the same compositional field.
Passmore et al. (2012) employed similar analytical procedures at the University of Edin-
burgh to those described above for new analyses made at the University of Cambridge. Both
datasets were collected on a Cameca SX100 instrument. The major element composition of
plagioclase and clinopyroxene macrocrysts measured on both instruments are indistinguishable
(Figure 2.5). The TiO2 content of plagioclase macrocrysts measured by Passmore et al. (2012)
are, however, systematically lower than the new values measured using long counting times to
achieve sufficient precision to resolve fine-scale TiO2 zoning (e.g. Humphreys, 2009). Therefore,
sections of Chapter 3 that use TiO2 zoning in plagioclase to constrain magmatic processes in
the Laki eruption only consider new data collected with long counting times.
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2.7.2 Olivine-hosted melt inclusions from the Laki eruption
Emma Passmore analysed a large number (n = 136) of olivine-hosted melt inclusions for both
major and trace elements, using EPMA and SIMS respectively, as part of her thesis (Passmore,
2009). Of these 136 melt inclusions, 34 were naturally quenched and 102 were re-homogenised.
Re-homogenisation of olivine crystals was achieved by heating crystals to 1220°C for 20 min in
platinum capsules in a 1 atm gas-mixing furnace at an fO2 ∼2 log units below the QFM buffer to
prevent oxidation. fO2 was maintained with a controlled gas-mix of either H2-CO2 or CO-CO2.
Similar analytical procedures were employed by Passmore (2009) to collect trace element data
as described here (see Neave et al. (2013) for details). Melt inclusion data from Passmore (2009)
are used in conjunction with both new and collated data from the Laki eruption to investigate
magmatic processes in the deep plumbing system. Although the data were not collected as part
of this thesis, interpretations of the Laki melt inclusion data presented in Chapter 3 constitute
new research.
2.7.3 Database of Icelandic melt compositions
All subsequent chapters of this thesis make use of a large database of Icelandic melt compo-
sitions. The database contains the major element, trace element and isotopic compositions of
3344 samples from across Iceland. Details of database compilation are provided by Shorttle &
Maclennan (2011) and a list of data sources is provided in Appendix B. A key feature of this
database is the ability to apply filters based on variables such geographical location, eruption
age, volcanic system and composition. By filtering the database it is possible to determine
the range of melt compositions in equilibrium with certain macrocryst compositions and ele-
ment ratios. For example, thermobarometric calculations presented in Chapter 3 interrogate
the database for melts that meet a range of major element compositional criteria.
Although many of the eruptions in the database of melt compositions are located in dif-
ferent tectonic settings from the Laki and Skuggafjöll eruptions (for example, eruptions in the
NVZ, WVZ and on the Reykjanes Peninsula are further away from the plume centre near the
EVZ), they nevertheless contribute information useful for understanding volcanism in the EVZ.
Primitive eruptions elsewhere can help elucidate the early stages of magmatic evolution in EVZ.
Specifically, these primitive melts are able to help constrain the nature of the geochemically
diverse parental melts that supply the base of EVZ plumbing systems (Chapters 3 and 6). Fur-
thermore, comparatively few individual eruptions in Iceland have been investigated as intensively
as those discussed in this thesis, and fewer still of these eruptions are in the EVZ. Therefore, in
order to make informative comparisons with other magmatic systems it is necessary to consider
eruptions that are further afield.
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Chapter 3
Crystal-melt relationships and deep
magmatic processes prior to the ad
1783–84 Laki eruption, Iceland
3.1 Introduction
It is well known that olivine-hosted melt inclusions from tholeiitic basalts erupted along the
neovolcanic rift zones of Iceland have variable trace element compositions (e.g. Gurenko &
Chaussidon, 1995; Maclennan et al., 2003a). Records of concurrent mixing and crystallisation
of diverse mantle melts have been extracted from lavas by combining compositional information
from melt inclusions and their host crystals (Maclennan, 2008a). Recent work has also demon-
strated that the crystal load of magmas can preserve a history of growth from primitive melts
of different compositions (Winpenny & Maclennan, 2011). Previous studies into mixing of vari-
able mantle melts have focussed on the NVZ (Maclennan et al., 2003b), WVZ and Reykjanes
Peninsula (Gurenko & Chaussidon, 1995; Maclennan, 2008a,b). Only the recent study of Moune
et al. (2012) on Fimmvörðuháls/Eyjafjallajökull has commented on a potential melt inclusion
record of variable mantle melts in the EVZ of Iceland. This chapter investigates, using the ad
1783–84 Laki eruption as a case example, whether processes similar to those operating in the
plumbing systems of smaller eruptions are recorded in the large basaltic fissure eruptions that
characterise volcanism in the EVZ.
Thermobarometric calculations indicate that primitive melts are often processed in the mid-
to-lower crust in Iceland (Winpenny & Maclennan, 2011; Keiding & Sigmarsson, 2012). The
observation of deep seismicity associated with the 2010 eruption of Eyjafjallajökull has pro-
vided evidence for ongoing melt storage and transport in the lower to mid crust under the EVZ
(Hjaltadóttir et al., 2009; Sigmundsson et al., 2010; Tarasewicz et al., 2012). By studying the
petrology of EVZ eruptions, it may be possible to improve the understanding of the nature and
causes of such geophysical and geodetic phenomena. However, before undertaking thermobaro-
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metric work on the Laki magma, it is important to understand the processes that have controlled
its evolution.
A range of microanalytical, imaging and textural techniques must be used in order to under-
stand crystal-melt relationships and consequently disentangle the history of a magmatic system.
The compositional variability of melt inclusions has been demonstrated to exceed the variability
in the erupted melt in a number of magmatic systems (e.g. Sobolev & Shimizu, 1993; Saal et al.,
1998; Maclennan, 2008b). This chapter investigates whether mantle melt diversity is recorded in
melt inclusions at Laki in the EVZ, as well as elsewhere in Iceland (e.g. Gurenko & Chaussidon,
1995; Slater et al., 2001; Maclennan, 2008a). Prior to mixing, variable primitive melts will evolve
along different liquid lines of descent and will be in equilibrium with different crystal phases of
differing composition. Consequently, modelling approaches that are reliant on following single
liquid lines of descent may be unable to reproduce the observed melt and crystal compositions.
The role of melt variability in controlling macrocryst diversity is a central theme of this investi-
gation into the compositional variability of Laki macrocrysts and their melt inclusions. The ad
1783–84 Laki eruption is the largest basaltic fissure eruption in Iceland to have been observed
directly (Thordarson et al., 1996) and is an ideal example for studying deep processes in such
eruptions because detailed prior study provides an excellent context for new work.
3.2 Petrological observations
3.2.1 Petrography
The Laki lava is porphyritic and contains three macrocryst phases throughout: olivine, clinopy-
roxene and plagioclase (Figure 3.1). Macrocrysts are present either as lone grains, or in glomero-
crysts which may be monomineralic or polymineralic. Macrocrysts of both types have the same
size ranges. Plagioclase macrocrysts are typically 150–2000 µm in size, though some reach sizes
of 2–8 mm. Clinopyroxene and olivine macrocrysts are typically 200–1000 µm in size. Rare
clinopyroxene macrocrysts reach 1–8 mm in size. Point-counting indicates that, on average,
macrocrysts make up 12% of the Laki lava by mass in the ratio 57:11:32, plg:ol:cpx (Passmore
et al., 2012). Some Fe-Ti oxides are present, but are restricted to small groundmass grains
in the more crystalline samples, and are never observed as inclusions within phenocrysts. No
significant sulphide grains are observed in the groundmass.
Most plagioclase occurs as tabular grains in glomerocrysts, which is consistent with the ob-
servations of Guilbaud et al. (2007). Macrocrysts are largely subhedral to euhedral, whereas
groundmass grains are subhedral to anhedral and often display swallowtail morphologies (Guil-
baud et al., 2007). Clinopyroxene macrocrysts are generally prismatic and subhedral to euhedral
and are often found in ophitic arrangements with plagioclase. Olivine macrocrysts are generally
oval and subhedral.
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Figure 3.1: Photomicrographs showing typical Laki lava samples. (a) Photomicrograph
with plane polars of sample LAK04. The plagioclase-rich glomerocryst in the centre of the
field of view should be noted. Plagioclase, clinopyroxene and olivine phenocrysts are all ob-
served scattered in the glassy groundmass. Smaller groundmass grains of all three phases are
also visible. The absence of opaque Fe-Ti oxides should also be noted. (b) Photomicrograph
with crossed polars of sample LAK12. Polymineralic glomerocrysts containing plagioclase,
clinopyroxene and highly birefringent olivine are set in a finely crystalline groundmass com-
posed of plagioclase, clinopyroxene and olivine.
3.2.2 Major and trace element compositions of macrocrysts
Plagioclase macrocryst compositions lie in the range An51-An89 (new data; Passmore et al.,
2012). The composition of plagioclase groundmass grains lies in the range An51-An64. Clinopy-
roxene macrocryst compositions lie in the range Mg#50-Mg#83 (new data; Passmore et al.,
2012). Clinopyroxene groundmass grain compositions are Mg#65-Mg#75, though, in contrast
with plagioclase, few analyses of groundmass grains are available. Olivine macrocryst com-
positions measured by Passmore (2009) and Passmore et al. (2012) in the same samples have
compositions in the range Fo60-Fo86. Olivine groundmass grain compositions, again measured
by Passmore (2009) and Passmore et al. (2012), are Fo52-Fo72. Typical major element composi-
tions of the macrocryst phases are presented in Table 3.1. Ranges of mineral compositions are
presented in Figure 3.2. Crystal compositions predicted to be in equilibrium with the average
tephra glass composition of Passmore et al. (2012) are also plotted. These were calculated using
the following mineral-melt equilibria: a fixed Kdol-meltFe-Mg of 0.3 (Roedder & Emslie, 1970) for
olivine; a Kdcpx-meltFe-Mg determined using the model of Wood & Blundy (1997) for clinopyroxene;
and the model of Namur et al. (2011b) for the anorthite content of plagioclase. The magmatic
system was assumed to have an oxygen fugacity of 1 log unit below the QFM buffer which cor-
responds to a Fe3+/ΣFe ratio of ∼0.1 in Icelandic basalts (Maclennan, 2008a). This represents
a good approximation because Fe3+/ΣFe measured in Icelandic systems lies within a relatively
confined range of 0.08 (Breddam, 2002) to 0.132 (Óskarsson et al., 1994).
A large number of rim and groundmass compositions are much more evolved than the crys-
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Figure 3.2: Summary of crystal composition ranges determined by EPMA. The upper panel
of each subfigure shows Kernel Density Estimations (KDEs) for each macrocryst population
using the method of Rudge (2008). Olivine data are from Passmore et al. (2012). The
vertical bars represent melt macrocryst compositions in equilibrium with the average tephra
glass composition of Passmore et al. (2012). Macrocryst cores and mantles are more primitive
than the composition calculated to be in equilibrium with the erupted melt (i.e. to the right
of the vertical bars), whereas rims and groundmass grains (diamonds) are more evolved (i.e.
to the left of the vertical bars).
tal compositions calculated to be in equilibrium with tephra glass compositions. Crystal-melt
equilibrium model uncertainties may explain some of this discrepancy. However, most of these
evolved compositions are likely to be the result of extensive syn-eruptive crystallisation occurring
as magma emerges from vents and forms lava flows (Guilbaud et al., 2007). New macrocryst
composition data are summarised in plots of plagioclase anorthite content vs. TiO2, FeOt and
MgO and clinopyroxene Mg# vs. TiO2 in Figure 3.3. Full data tables are provided on a
supplementary CD.
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Figure 3.3: Plots summarising new crystal composition data collected by EPMA for this
thesis. (a) Plagioclase anorthite content (mol.%) [An = 100 × atomic Ca/(Ca+Na)] vs. TiO2
(wt.%). (b) Clinopyroxene Mg# [Mg# = 100 × atomic Mg/(Mg+Fe)] versus TiO2 (wt.%).
(c) Plagioclase anorthite content (mol.%) versus FeOt (wt.%). (d) Plagioclase anorthite
content (mol.%) versus MgO (wt.%). Detection limit for MgO during EPMA was lower than
0.05 wt.%. 2σ errors bars are shown for each analysis.
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Sample: LAK06 LAK06 LAK17 LAK03 LAK26 LAK04 LAK06 Mean
Phase: plg plg plg cpx cpx ol ol tephra
Context: core mantle rim core rim core rim glass
SiO2 (wt.%) 46.17 48.81 52.42 50.89 49.95 39.06 35.54 48.95
TiO2 0.02 0.06 0.11 0.85 1.32 0 0.03 3.11
Al2O3 33.86 31.59 29.28 3.4 2.55 0.05 0.06 12.81
FeOt 0.5 0.71 0.92 6.11 11.85 15.71 30.01 14.23
MnO n.m. n.m. n.m. 0.15 0.29 0.26 0.41 0.25
MgO 0.1 0.14 0.17 16.19 14.64 43.96 32.68 5.54
CaO 17.52 15.8 12.75 20.71 17.79 0.31 0.38 9.63
Na2O 1.51 2.66 4.27 0.26 0.27 0.01 0.03 2.74
K2O 0.03 0.07 0.09 0 0 n.m. n.m. 0.46
P2O5 n.m. n.m. n.m. n.m. n.m. n.m. n.m. 0.43
NiO n.m. n.m. n.m. 0.02 0.01 n.m. n.m. n.m.
Cr2O3 n.m. n.m. n.m. 0.67 0.05 0.05 0.03 n.m.
Total 99.71 99.82 100.02 99.27 98.72 99.58 99.19
An (mol.%) 86.5 76.8 62.4
Mg# (mol.%) 82.5 68.8
Fo (mol.%) 83.3 66.0
Table 3.1: Typical compositions of macrocrysts from the Laki eruption measured by EPMA.
Olivine and mean tephra glass compositions from Passmore et al. (2012).
n.m., not measured.
3.2.3 Olivine and olivine-hosted melt inclusions
The macrocryst load of the Laki magma is generally much more primitive than that predicted
to be in equilibrium with the carrier liquid (Figure 3.2; Passmore et al., 2012). These primitive
crystals may therefore contain information about deep, pre-eruptive processes. Melt inclusions
trapped in primitive crystals during the course of melt evolution have become widely employed in
petrogenetic studies. For example, large variations in the REE content of Icelandic olivine-hosted
melt inclusions have been observed by various authors (Gurenko & Chaussidon, 1995; Slater
et al., 2001; Maclennan et al., 2003a,b; Maclennan, 2008a; Moune et al., 2012). In particular,
Maclennan et al. (2003a) demonstrate that olivine-hosted melt inclusions from Borgarhraun in
north Iceland record a history of concurrent mixing and crystallisation.
Olivine compositions from Laki range span a large crystallisation interval from Fo86 to Fo68.
Melt inclusions trapped in these olivines provide an ideal subject for investigating magmatic
evolution. However, the major element composition of melt inclusions is highly affected by post-
entrapment processes (e.g. Danyushevsky et al., 2002). Equilibrium olivine forsterite contents
of melt inclusions calculated using a constant Kdol-meltFe-Mg of 0.3 (Roedder & Emslie, 1970) under-
estimate the measured forsterite composition of the host by 4–10 mol.% for naturally quenched
inclusions and overestimate by 3–9 mol.% for re-homogenised inclusions (Figure 3.4). Melt
inclusion Mg# is therefore not representative of original trapped values in these samples.
Although the concentration of CaO and Na2O in olivine-hosted melt inclusions will be af-
fected by the removal or addition of olivine at inclusion walls, Ca/Na (expressed throughout
as an atomic ratio) of inclusions will remain stable because both elements are incompatible in
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Figure 3.4: Plot of host olivine forsterite content against the equilibrium olivine forsterite
content predicted from the melt inclusion composition using a constant Kdol-meltFe-Mg of 0.3
(Roedder & Emslie, 1970). Re-homogenised melt inclusions lie above the 1:1 line, whereas
naturally quenched melt inclusions lie below. Olivine composition data have been previously
reported by Passmore et al. (2012).
olivine (Dol-−meltCa = 1.25 × 10−2 and Dol-meltNa = 8–47 × 10−3 at 1300°C in San Carlos olivine
(Spandler & O’Neill, 2010)). The rate of diffusion of Ca or Na in olivine is comparable with, or
slower than, the rate of Fe-Mg inter-diffusion (Jurewicz & Watson, 1988; Spandler & O’Neill,
2010). Therefore, if the forsterite content of an olivine reliably represents the composition of the
melt from which it grew, then the Ca/Na of melt inclusions in the olivine will be representative
of the original trapped melt compositions. All Laki melt inclusions, whether naturally quenched
or re-homogenised have Ca/Na < 4 (Figure 3.5a).
Both homogenised and naturally-quenched melt inclusions exhibit overlapping ranges of trace
element compositions (Figure 3.5a & c). Trace element ratios in melt inclusions are therefore
not greatly affected by the homogenisation process. The average REE profile of melt inclusions
is similar in form to the average whole-rock REE profile (Figure 3.6). REE profiles for the lowest
and highest La/Yb inclusions are also plotted on Figure 3.6 to illustrate that individual melt
inclusions have profiles of different steepness. The variable steepness of REE profiles in Figure
3.6 is expressed as different La/Yb values in Figure 3.5c. The range of melt inclusion La/Yb is
greatest in the most forsteritic (Fo>83) olivines and decreases with decreasing forsterite content.
Melt inclusions hosted in Fo<76 olivines have concentrations that are closest to equilibrium with
the carrier liquid (Figure 3.5c).
In order to validate the decrease of La/Yb variation with forsterite content statistically, the
data were split into three populations: Fo>83 olivines, which have been previously described as
xenocrysts by some authors (Bindeman et al., 2006; Guilbaud et al., 2007), Fo<76 olivines, which
are most similar to predicted whole-rock equilibrium compositions, and Fo76-Fo83 olivines, which
lie inbetween. The standard deviation of La/Yb in Fo>83-hosted melt inclusions is 0.64 (n = 57);
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Figure 3.5: Melt inclusion composition data. (a) Ca/Na in melt inclusions plotted against
forsterite content of their host olivines. Laki melt inclusions all lie at low Ca/Na values,
whereas values from a database of Icelandic melt inclusions reach much higher values. Matrix
glass compositions of eruptions containing (near) equilibrium high-anorthite plagioclase from
Háleyjabunga and Lagafell (Gurenko & Chaussidon, 1995) and Kistufell (Breddam, 2002)
are included for comparison. (b) Melt inclusion Ca/Na plotted against La/Yb. Points are
shaded by forsterite content, with pale shading for low forsterite down to Fo68, and dark for
high forsterite up to Fo86. Ca/Na does not vary with La/Yb at constant forsterite content.
Ca/Na decreases with forsterite content of the host olivine. (c) Host olivine forsterite plotted
against La/Yb for both Laki and Borgarhraun (Maclennan et al., 2003a).
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in Fo76-Fo83-hosted melt inclusions it is 0.46 (n = 40); and in Fo<76-hosted melt inclusions it is
0.27 (n = 31). Upper and lower confidence intervals of the standard deviation were calculated
using the χ2 distribution at 69% (1σ) and 95% (2σ) confidence levels. At the 69% confidence
level, confidence intervals of standard deviation between populations do not overlap (Fo>83 =
0.58–0.71; Fo76-Fo83 = 0.41–0.52; Fo<76 = 0.24–0.31). At the 95% confidence level there is only
minor overlap between the two more forsteritic populations (Fo>83 = 0.54–0.79; Fo76-Fo83 =
0.38–0.59; Fo<76 = 0.21–0.36). The decrease in melt inclusion La/Yb variance with host olivine
forsterite content is thus a statistically significant feature of the samples investigated.
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Figure 3.6: N-MORB (Arevalo & McDonough, 2010) normalised REE diagram showing
olivine-hosted melt inclusions from the Laki eruption. Although there is significant variability
in melt inclusion compositions, the mean whole-rock REE pattern is similar to the mean
melt inclusion REE pattern. The profiles of the highest and lowest La/Yb inclusions are
also shown. N-MORB normalisation values are shown along the bottom of the plot, and 2σ
relative errors are shown along the top.
3.2.4 Plagioclase zonation
Plagioclase macrocrysts from the Laki eruption can be divided into three discrete compositional
domains (Figure 3.7): cores, mantles and rims. Many large grains contain a homogeneous, high-
anorthite core of An84-An89, encased by an An70-An84 mantle that is oscillatory zoned. The
wavelength of oscillatory zoning is too short to be clearly resolved on EPMA profiles. Where no
high-anorthite cores are present, the centres of macrocrysts are composed of oscillatory zoned
An70-An84 plagioclase. Macrocryst rim compositions decrease monotonically outwards from
An70 to An54 and wrap around multiple nucleii of higher anorthite content. Only the outermost
rim compositions are comparable with the composition groundmass grains. Sharp changes in
anorthite content (Figure 3.7) are consistent with the slow rate of NaSi-CaAl inter-diffusion
(1–10 × 10−22 m2/s in An70-An90 at 1150°C (Grove et al., 1984)).
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Figure 3.7: A typical EPMA profile across a large plagioclase macrocryst. The plagioclase
is from sample LAK 29. Three clear compositional domains are visible: a high-anorthite core,
an oscillatory zoned mantle of moderately high anorthite content, and a rim of monotonically
decreasing anorthite content. Major element zonation is also reflected in the trace elements,
particularly in TiO2. Zoning in MgO has been overprinted by diffusion, except at the very
edge of the crystal rim. Low anorthite rims are not observed at grain-grain boundaries within
glomerocrysts. 2σ error bars are shown on the right-hand side.
Zoning is also observed in the trace element content of plagioclase. TiO2 shows a strong
negative correlation with anorthite, with low values of 0.025 wt.% in crystal cores and higher
values of 0.125 wt.% in crystal rims, which are comparable with the TiO2 content of groundmass
grains (∼0.13 wt.%; Figure 3.3a). The absence of Fe-Ti oxides as a macrocryst phase indicates
that oxide saturation was not reached during magmatic evolution in the subsurface; the only
Fe-Ti oxides present are small dendritic grains that grew during groundmass crystallisation. As
a consequence of slow diffusion rates (Humphreys, 2009) and incompatibility in all macrocryst
phases (at 1200°C the following partition coefficients are calculated using the models of Binde-
man & Davis (2000), Wood & Blundy (1997) and Bédard (2005) respectively: Dplg-meltTi ∼ 0.04;
Dcpx-meltTi ∼ 0.4; Dol-meltTi ∼ 0.04), the TiO2 content of plagioclase is considered to be a proxy for
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the degree of magmatic evolution in the Laki eruption.
FeOt shows a weak negative correlation with anorthite (Figure 3.3c). Notably, high-anorthite
cores record FeOt compositions ∼0.15 wt.% lower than oscillatory zoned mantles. Fe diffusion
must occur at a sufficiently slow rate in order to preserve a step change in FeOt core-mantle
interfaces within macrocrysts. Therefore, the negative correlation between FeOt and anorthite
content is likely to be a magmatic signal rather than the result of diffusive equilibration.
MgO shows a more complex relationship with anorthite, correlating negatively at An>66,
but correlating positively at An<66.(Figure 3.3d). The MgO content of plagioclase may initially
correlate with anorthite because the MgO content of melts decreases during fractional crystalli-
sation. However, MgO has a relatively fast rate of diffusion (DplgMg = 1 × 10−19 m2/s in An95
at ∼1200°C (LaTourrette & Wasserburg, 1998; Costa & Morgan, 2010)), such that magmatic
signals have been irrecoverably overprinted in An>66 plagioclase. The correlation observed in
crystal rims may represent crystallisation shortly prior to eruption, where crystal rims have had
insufficient time to experience diffusive re-equilibration. MgO content of analyses within high-
anorthite cores (An>84) fall within two distinct populations: one at 0.1±0.02 wt.% and one at
higher values 0.16±0.1 wt.% (marked on Figure 3.3d). No other geochemical variables correlate
with the difference in MgO.
3.2.5 Clinopyroxene zonation
Clinopyroxene macrocrysts are normally zoned with Mg#80-Mg#84 cores and Mg#64-Mg#72
rims. As with plagioclase, major element zonation in clinopyroxene is also reflected in trace
element zonation. TiO2 concentration generally increases from ∼0.7 wt.% in cores to ∼1 wt.%
in rims (Figure 3.3b). An increase in Al2O3 from 2 wt.% in cores to ∼3.4 wt.% in rims is
also observed. Correlations between Mg# and trace element content are much less strong than
between plagioclase anorthite and trace element contents. Hourglass sector zoning is clearly
visible in some clinopyroxene grains under crossed polars and can be accounted for by disequi-
librium during crystal growth. During rapid growth, structural sites on different crystal faces
equilibrate to different extents with the melt (Nakamura, 1973). This disequilibrium leads to
greater Mg and Fe uptake on {100} faces, in contrast with {010} and {110} faces which has the
concurrent effect of diluting Ca, Al and Ti. Sector zoning accounts for much of the spread in Ti
concentration with respect to the Mg# observed in Figure 3.3b. A clinopyroxene CaO content
of <16 wt.% indicates disequilibrium during growth whereas a clinopyroxene CaO content in the
range 16–20 wt.% indicates growth under equilibrium conditions (Nakamura, 1973). Therefore,
only the latter macrocrysts were selected for further consideration (e.g. thermobarometric cal-
culations). Fine exsolution lamellae of orthopyroxene, which can obscure the true CaO content
of clinopyroxenes, were not observed on BSE images.
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3.2.6 Crystal size distribution
Crystal size distributions (CSDs) of magmas may be used to investigate the conditions expe-
rienced during crystallisation (Higgins, 2000). CSDs are particularly sensitive to the degree of
magma undercooling (Armienti, 2008) and to magma mixing (Higgins, 1996). Magmas with dif-
ferent crystallisation histories have different negative gradients on a plot of crystal size against
the natural logarithm of population density (Marsh, 1988; Cashman & Marsh, 1988). Sample
LAK04 was selected for CSD analysis as the effects of groundmass crystallisation could be mit-
igated by imaging glassy groundmass. LAK04 is not texturally anomalous in any other respect.
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Figure 3.8: Crystal size distribution (CSD) of plagioclase grains in the glassy portion of
sample LAK04. Vertical black lines are error bars resulting from uncertainties in stereological
corrections. The gentle upwardly concave shape of the distribution and the kink at 0.75 mm
crystal size should be noted. Continuation of the log-linear trend at <0.75 mm to larger grain
sizes shows that there are more large grains >0.75 mm than would be expected if the CSD
were controlled by nucleation and growth alone. The kink position is not strongly dependent
of bin size, or whether bins are linearly or geometrically spaced as shown.
A continuous plagioclase CSD is observed for crystal lengths <0.05 mm to 1.5 mm (Figure
3.8). The distribution is noticeably concave-upwards with a kink at ∼0.75 mm. The steepening
of the gradient at the smallest crystal sizes (<200 µm) may be the result of degassing-induced
crystallisation during eruption and lava emplacement (Hammer & Rutherford, 2002). This is
consistent with the work of Guilbaud et al. (2007), who account for abundant groundmass
crystallisation in Laki lava flows by large undercooling resulting from the loss of ∼1 wt.% H2O
during eruption. Kinks in CSDs are commonly explained by mixing populations of different
crystal size (e.g. Marsh, 1988). In order to assess the effect of right-hand truncation effects
arising from the scarcity of crystals in large size bins, a CSD using linearly spaced size bins every
250 µm was also calculated (see Armienti, 2008). Linear binning reveals that low population
densities only become problematic at crystal sizes >1.5 mm and that the break in slope at ∼0.75
mm crystal size is a robust feature of the sample.
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3.3 Mapping element distributions in plagioclase
3.3.1 Anorthite distribution
Calibrated BSE images of glomerocrysts provide information about the growth history of pla-
gioclase crystals in the Laki magma. Figure 3.9 shows a typical calibrated BSE image of a
Laki glomerocryst. High-anorthite cores are found in only the largest grains, which may contain
more than one high-anorthite region, i.e. individual grains often appear to have multiple nuclei,
though the effects of a complex 3D geometry are unconstrained in 2D analyses. High-anorthite
cores are homogeneous and have rounded contacts with oscillatory zoned mantles that wrap
around them.
Oscillatory zoned mantles display variations in anorthite of 2–5 mol.% on scales of 5–25
µm. It is not possible to correlate the same zones across different grains. The amplitude
and magnitude of oscillations vary on a grain-to-grain basis, as expected during growth in a
dynamic magma reservoir (Ruprecht et al., 2008). Zonation patterns indicate that in many
cases individual grains became joined during the growth of the oscillatory zoned domain.
Crystal mantles are encased by low-anorthite rims of variable thickness that often enclose
numerous distinct mantle ± core nuclei. Rims display normal zoning with a monotonic decrease
in anorthite towards the crystal face. In glomerocrysts where plagioclase macrocysts rest against
other macrocrysts, rims are reduced or absent and do not reach such low anorthite values as
rims adjacent to the groundmass. Glomerocrysts are therefore apparently formed prior to the
final phase of melt evolution; groundmass grains have similar anorthite contents to the very edge
of macrocryst rims.
3.3.2 Titanium distribution
Cathodoluminescence (CL) intensity in plagioclase depends on crystal trace element content
(Reed, 2005). The good correlation between TiO2 in plagioclase determined by EPMA and CL
intensity (r2 = 0.95 in sample LAK29; Figure 3.11) indicates that CL images provide a reliable,
semi-quantitative map of TiO2 distribution in plagioclase. Clinopyroxene, olivine and Fe-Ti
oxide are not CL active and appear black. CL intensity is low in high-anorthite plagioclase cores,
but increases outwards towards plagioclase rims and is strongest adjacent to the groundmass
and in groundmass grains (Figure 3.11). Complex patterns of zoning observed in BSE images
are also reproduced in CL images.
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Figure 3.9: False colour calibrated backscattered electron image of part of a glomerocryst
in sample LAK12. The three plagioclase domains illustrated in Figure 3.7 are labelled. Most
plagioclase-plagioclase boundaries are located within the oscillatory zoned mantle. Oscilla-
tory zoning is particularly clear in the central grain. Zones cannot be traced between grains.
Crystal rims wrap around joined grains. It should be noted that low anorthite contents are
present only in the rims of crystal boundaries that are in contact with the groundmass; no
dark colours are visible between the large central plagioclases, or between them and the large
clinopyroxene to the left. Groundmass grains have the same anorthite content as the edges
of phenocryst rims.
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Figure 3.10: Plot showing the linear correlation between cathodoluminescence (CL)
grayscale intensity and plagioclase TiO2 content for a CL image of sample LAK29. 1σ errors
in grayscale intensity are estimated from the noise in CL images. 1σ errors in TiO2 content
are estimated from EPMA counting statistics.
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Figure 3.11: (a) Unmanipulated BSE image of sample LAK29. Plagioclase is visible as dark
grey. Clinopyroxene is mid-grey with lighter grey rims, reflecting Mg# zonation. Olivine is
light grey. Small, dendritic groundmass grains of Fe-Ti oxide are visible as the brightest
phase. (b) Cathodoluminesence (CL) image of the same sample. High CL intensity is only
observed in macrocryst rims and groundmass grains that have the highest TiO2 contents.
The fine patterns of zonation visible in manipulated BSE images are also visible in CL. The
black spots crossing the centre of the grain are points from an EPMA profile.
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3.4 Concurrent mixing and crystallisation recorded in olivine-
hosted melt inclusions
That average melt inclusion and average of whole-rock REE profiles have similar forms strongly
suggests that the inclusions and erupted lava are co-genetic (Figure 3.6). Trapping of melt
inclusions in olivines more forsteritic than those in equilibrium with the carrier liquid and whole-
rock samples accounts for the offset of mean melt inclusion compositions to lower values than
the whole-rock mean.
Olivine-hosted melt inclusions record a statistically robust decrease in La/Yb variability as
host forsterite content decreases and hence display the same systematics as samples from both
Borgarhraun, and Iceland as a whole (Figure 3.5c; Maclennan, 2008a). These systematics may
be interpreted as evidence for concurrent mixing and crystallisation of diverse mantle melts with
variable La/Yb in magma reservoirs as they cool (Maclennan, 2008a). The observed diversity in
La/Yb cannot be accounted for by differentiation processes and changes in element partitioning.
Dissolution-reaction-mixing (DRM) processes have been invoked to explain trace element diver-
sity in Fo>85 olivines at various locations including Iceland (Danyushevsky et al., 2003, 2004).
Melt inclusions generated by DRM processes involving plagioclase dissolution are predicted to
have extremely low La concentrations, low La/Yb ratios and large positive strontium anomalies.
Strontium anomalies can be quantified in basaltic melts using the Sr/Sr* parameter of Gurenko
& Sobolev (2006), where Sr/Sr* = Srn/(Cen/Ndn)0.5 and n = chondrite normalisation values.
Sr/Sr* values of Laki melt inclusions are <1 for 120 out of 121 inclusions analysed. While DRM
processes are predicted to produce a negative correlation between La/Yb and Sr/Sr*, these ra-
tios do not correlate in Laki (r = 0.098), indicating that DRM is not the dominant control on
melt inclusion trace element variation. Correlations between trace element and Pb-isotope com-
positions in melt inclusions from the Reykjanes Peninsula (Maclennan, 2008b) provide further
evidence of a mantle control on inclusion trace element compositions.
In order to compare melt inclusion variability and mixing processes between different erup-
tions, and thus investigate the efficiency of mixing in different magmatic systems, Maclennan
(2008a) defined the Þ parameter based on the REE content of melt inclusions. Þ is a measure
of the deviation of a melt inclusion composition from the average composition of the source
eruption, normalised to the expected standard deviation of original, unmixed end-member melt
compositions for the eruption. Incompatible trace element enriched and depleted end-member
compositions were defined as the highest and lowest La/Yb inclusions in the whole dataset.
Further details of Þ calculations, which make the assumption that melt inclusion compositions
can be explained by combination of binary mixing and fractional crystallisation, are provided in
Appendix C. Þ values for melt inclusions from the Laki eruption are presented in Figure 3.12a.
Laki inclusions lie within the triangular envelope defined by previously studied eruptions on a
plot of host olivine forsterite content versus Þ (Figures 3.12c).
The degree of magma mixing can be defined using the mixing parameter M (see Appendix
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Figure 3.12: The record of concurrent mixing and crystallisation in both the Laki eruption
and in Iceland as a whole. (a) Plot showing the reduction in melt inclusion variability with
decreasing olivine forsterite content in the Laki eruption. Þ is a measure of the divergence
of melt inclusion REE contents away from the mean compositions of their host flows. Þ
is briefly explained in the text and more fully explained in Appendix C and by Maclennan
(2008a). The mean value of Þ at a given host forsterite content is plotted as a black line.
(b) Plot showing the variation of the degree of melt mixing (M (Appendix C; Maclennan
2008a)) with decrease in olivine forsterite content for the Laki eruption. (c) Plot showing the
reduction in melt inclusion variability with decreasing olivine forsterite content in a number
of Icelandic eruptions. Data sourced from: Gurenko & Chaussidon (1995, 1997); Slater et al.
(2001); Gurenko & Chaussidon (2002); Maclennan et al. (2003a,b); Maclennan (2008a,b). (d)
Plot showing the variation of the degree of melt mixing (M (Appendix C; Maclennan 2008a))
with decrease in olivine forsterite content for the eruptions shown in (c). The grey lines show
the 95% confidence interval of the mixing parameter at a given host forsterite content (M).
The locations of eruptions are shown in Figure 1.5.
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C), which ranges from 0 for unmixed to 1 for complete mixing of passive tracers (Maclennan,
2008a). M can be calculated as a function of forsterite content using melt inclusion Þ values
– Þ values converge towards 0 as mixing proceeds. An increase in the degree of mixing is
observed as the forsterite content of host olivine macrocrysts decrease (Figure 3.12b). The
change in M with host olivine forsterite for all Icelandic inclusions, including Laki, is shown in
Figure 3.12d. These new data from Laki enable M to be better determined at lower forsterite
contents than was previously possible because of the wider range of forsterite contents available.
A sharp increase in M is observed as magma passes through ∼Fo86, followed by a slow and
steady increase as magma evolves from Fo84 to Fo73. The modest change in M above Fo86
is due to mixing during crystallisation being balanced by the input of a range of mantle melt
compositions (Maclennan et al., 2003a). This indicates that the lowest forsterite content of
olivine in equilibrium primary melts under Iceland is approximately Fo86. Between Fo86 and
Fo83, mixing processes are dominant. The apparent reduced efficiency of mixing at Fo<83 may
not necessarily reflect slower stirring in reservoirs, but is more likely to indicate that most
homogenisation of mantle-derived heterogeneity has already taken place. Concurrent mixing and
crystallisation of parental magmas has therefore occurred in deep regions of the Laki plumbing
system in the same manner as elsewhere in Iceland (e.g. Maclennan, 2008a).
Primitive macrocrysts crystallising from unmixed and diverse parental melts may therefore
also preserve a record of growth from melts of variable composition. For example, Winpenny
& Maclennan (2011) identified primitive high-Mg# clinopyroxene in the Borgarhraun flow that
grew from depleted melts before they were stirred into the mixed Borgarhraun carrier liquid.
Given that Laki melt inclusions show strong evidence for the presence of variable mantle melts,
it follows that macrocrysts may also preserve a record of crystallisation from different melt
compositions.
3.5 Constraints on the origin of high-anorthite plagioclase cores
High-anorthite plagioclase macrocryst cores (An>84) are characterised by low TiO2 and FeOt
contents, and deviate from trends described by lower anorthite contents (Figure 3.3). Very
high anorthite contents have been reported in a recent study of hydrothermally altered Ice-
landic basalts by Marks et al. (2011). Hydrothermally derived An90-An100 plagioclase from the
Reykjanes Peninsula has a much lower MgO content (0.01–0.02 wt.%) than plagioclase from
Laki (0.1–0.16 wt.%), which is considered to be magmatic in origin. Guilbaud et al. (2007) and
Bindeman et al. (2006) have previously described An>80 compositions in the Laki system as
xenocrysts. Although Passmore et al. (2012) observe an increase in average plagioclase anor-
thite content through the course of the eruption, no consistent differences in zoning patterns
were observed between samples from different eruptive phases. The increase in average anorthite
content is therefore likely to be driven by an increase in the proportion of macrocrysts bearing
high-anorthite cores as the eruption progresses.
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While it has been demonstrated that plagioclase cores are too primitive to be in equilibrium
with the carrier liquid, it is unclear whether the cores grew from a melt parental to the car-
rier liquid or were entrained from the plumbing system walls, having crystallised from unrelated
melts during previous intrusive events. A combination of olivine-hosted melt inclusions, textural
information and modelling was used to address the following questions: Where did plagioclase
cores grow? Are they petrogenetically related to the carrier liquid? In what magmatic environ-
ment did plagioclase mantles and rims grow? How are plagioclase composition domains related
to olivine macrocrysts, clinopyroxene macrocrysts and to olivine-hosted melt inclusions?
3.5.1 Melt inclusions
Melt Ca/Na and Al/Si are the major controls on plagioclase composition: high Ca/Na (and
Al/Si) stabilises high anorthite contents (Elthon & Casey, 1984; Panjasawatwong et al., 1995;
Namur et al., 2011b). However, both pressure and melt H2O content modify equilibrium anor-
thite contents: increasing pressure reduces equilibrium anorthite content by ∼2 mol.% anorthite
per kbar (Danyushevsky, 2001), whereas increasing H2O increases the equilibrium anorthite
content by ∼2 mol.% per 1 wt.% H2O (Panjasawatwong et al., 1995). Nichols et al. (2002)
observed that mafic magmas in Iceland contain up to 1 wt.% H2O. In the case of Laki, Guilbaud
et al. (2007) predicted a pre-eruptive H2O concentration of ∼1 wt.% using the plagioclase-melt
model of Putirka (2005b) as a hygrometer. Passmore et al. (2012) estimate a water content of
∼0.75 wt.% using TiO2 as a proxy for H2O. The maximum equilibrium anorthite content of
Icelandic magmas can only be increased a few mol.% by the presence of ∼1 wt.% H2O.
In order to test the feasibility of An84-An89 crystallisation from melts with Ca/Na < 4,
equilibrium anorthite contents were calculated for a selection of tholeiitic Icelandic melts with 3
< Ca/Na < 4. Calculations were performed using equation 33 of Namur et al. (2011b), which is
calibrated for anhydrous mafic compositions at 1 atm. The effect of ignoring the <1 wt.% H2O
present in these melts is likely to be outweighed by overestimating anorthite content by per-
forming calculations at 1 atm, rather than at more realistic storage depths in the mid-to-lower
crust (e.g. Winpenny & Maclennan, 2011). This model was selected primarily because of its
sole dependence on melt composition and its ability to reproduce the experimental data collated
across the full range of anorthite contents of interest (Namur et al., 2011b). The models of Pan-
jasawatwong et al. (1995) and Putirka (2005b) were also tested and found to be inappropriate:
the model of Panjasawatwong et al. (1995) overestimates the equilibrium anorthite content in
experiments in equilibrium with ∼An60, but underestimates it for experiments in equilibrium
with An>80. The Putirka (2005b) model reproduces ∼An60 experimental compositions well, but
overestimates compositions at higher anorthite contents of An80-An90 by up to 10 mol.%. Ap-
plication of the Namur et al. (2011b) model to melts from Gæsafjöll and Stapafell (Maclennan,
2008a) suggests that 3 < Ca/Na < 4 are in equilibrium with An76-An80 contents. The melts
from which olivine has crystallised in the Laki system thus do not have a sufficiently high Ca/Na
to crystallise An84-An89 at the same time as Fo86 olivine.
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In order to confirm that crystallisation of An>84 from Icelandic melt compositions is possible,
the Ca/Na of melt inclusions from a range of Icelandic eruptions was plotted with the Ca/Na
of Laki melt inclusions (Figure 3.5a). Melt inclusions were filtered for anomalously high Sr/Ce
ratios in order to exclude the small proportion of melts that have been affected by plagioclase
dissolution. At host forsterite contents above ∼Fo85, Ca/Na increases to values between 4 and
8, suggesting that higher anorthite contents may be in equilibrium with these melts, consistent
with the model of Namur et al. (2011b).
Some incompatible trace element depleted Icelandic eruptions with high Ca/Na matrix glass
compositions contain high-anorthite plagioclase macrocrysts: Háleyjabunga and Lagafell on
the Reykjanes Peninsula (REP) (Gurenko & Chaussidon, 1995) and Kistufell in the Northern
Volcanic Zone (NVZ) (Breddam, 2002) have Ca/Na ratios of 4.5–5.5 and 4–4.5, and carry An82-
An90 and An75-An89 respectively (Figures 3.5a and 3.15b). Applying equation 33 of Namur
et al. (2011b) to the matrix glass compositions of these depleted eruptions reproduces anorthite
contents of An82-An89, indicating that high-anorthite plagioclase can crystallise from known
erupted compositions in Iceland. Furthermore, observations from the Skuggafjöll eruption pre-
sented in Chapter 4 and discussed in Chapter 5 confirm that An84-An89 may co-crystallise with
Fo86 along the ol-plg cotectic from incompatible trace element depleted, high Ca/Na melts.
The source of melts responsible for the generation of high-anorthite plagioclase at Laki will be
discussed later.
3.5.2 Textures
Further information about the nature of high-anorthite cores may be gleaned from their crystal
textures. BSE images of high-anorthite cores show that they are rounded in shape. This
rounding suggests that they have undergone some degree of textural evolution and may have
been out of equilibrium with their host melt at some point (Figure 3.9). Furthermore, high-
anorthite cores are never observed to be in contact with the cores of olivine or clinopyroxene
macrocrysts. It is possible that resorption may have occurred following entrainment of primitive
crystals into a liquid unsaturated in plagioclase, such as a low Ca/Na, enriched mantle melt,
prior to the growth of equilibrium oscillatory zoned mantles. Alternatively, high-anorthite cores
may have experienced textural maturation in crystal mushes during an early phase of storage
in the Laki plumbing system, leading smoothing of grain boundaries (e.g. Holness et al., 2007).
The upward kink in the plagioclase CSD at >0.75 mm crystal length, which indicates an
excess of large grains (Figure 3.8), may be explained by the addition of an incorporated pop-
ulation of high-anorthite plagioclase grains that acted as nuclei for the growth of oscillatory
zoned mantles. In any given period of crystallisation, grains containing cores of incorporated
material will be larger than grains formed entirely from new crystal nuclei. Textures and CSD
analyses hence suggest that the high-anorthite cores are not simply related to the carrier liquid
and appear to have been added to Laki magma at an early stage of its evolution. Therefore,
there is no remaining record of the melts from which they crystallised.
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3.6 Constraints on the origin of plagioclase mantles
Plagioclase macrocryst mantles are in equilibrium with the range of compositions observed in
olivine-hosted melt inclusions based on the Ca/Na content of melt inclusions (Figure 3.5). It
is therefore probable that they grew from melts parental to the carrier liquid. However, the
mantles are not simply zoned with steadily decreasing anorthite content, as would be expected
if they grew in a system evolving along a single liquid line of descent. Instead they show
prominent oscillatory zoning (Figure 3.9). In other magmatic systems, oscillatory zoning has
been interpreted as resulting from the mixing of variably fractionated melts (e.g. Ginibre et al.,
2002b). This interpretation implies that new melts supplied are of constant composition and
that melts undergoing mixing have followed the same liquid line of descent. However, it has
been demonstrated in previous sections that the trace element content of olivine-hosted melt
inclusions in equilibrium with plagioclase mantles is highly variable, and that this variability
is likely to reflect primary melt diversity. Shorttle & Maclennan (2011) identify correlations
between the trace element and major element contents of primitive Icelandic melts. Specifically,
primitive incompatible trace element enriched melts with high Nb/Zr have higher Fe and Na,
but lower Ca contents at a given Mg content than primitive incompatible trace element depleted
melts with low Nb/Zr melts at the same Mg content. It is thus plausible that oscillatory zoning
may result from crystallisation of plagioclase from melts in equilibrium with similar olivine
fortsterite contents, but different plagioclase anorthite contents.
As previously discussed, the anorthite content of plagioclase is controlled not only by melt
composition (Panjasawatwong et al., 1995; Namur et al., 2011b) but by melt H2O content (e.g.
Sisson, 1993; Putirka, 2005b). The effect of melt CO2 content upon plagioclase composition is
not well understood, but nevertheless it is likely that changes in the volatile contents of the melts
caused by degassing or gas flushing can modify the equilibrium anorthite content of plagioclase
independent of the melt major element composition. Oscillatory zoning in plagioclase could thus
be driven by variations either in major element composition or H2O-CO2 content of the melt.
Therefore, in order to confirm that either mixing of variably fractionated melts or mingling of
diverse mantle melts is causing oscillatory zoning, the effect of H2O-CO2 needs to be excluded.
Oscillations of ∼1 mol.% amplitude and ∼1 µm wavelength result from kinetic effects on grain
boundaries during crystal growth (Ginibre et al., 2002a). Zones on this scale are too small to
be resolved using the techniques employed here and are not considered further.
In order to test the role of H2O content in controlling zoning, EPMA profiles were collected
at spacings of ∼10 µm from regions of oscillatory zoning identified in BSE images. For each
profile, differences in anorthite and TiO2 (referred to as ∆An and ∆Ti hereafter), were calculated
for each possible unique pairing of probe points. For example, in a profile consisting of points
numbered 1, 2, 3 and 4 differences would be calculated between 1 & 2, 1 & 3, 1 & 4, 2 & 3, 2
& 4 and 3 & 4.
∆An and ∆Ti from all profiles are presented on a plot of point spacing in µm versus
∆Ti/∆An (Figure 3.13). The degree and nature of correlation between anorthite and TiO2
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Figure 3.13: Plot showing how correlation of plagioclase TiO2 and anorthite contents varies
as a function of distance between EPMA points in oscillatory zoned mantles of plagioclase
grains. Positive ∆Ti/∆An values indicate a positive correlation and negative values a negative
correlation. The mean ∆Ti/∆An at all length scales is reliably negative, which suggests that
anorthite and TiO2 contents are coupled.
may therefore be determined at different length scales in zoned crystals. If anorthite and TiO2
correlate positively, then ∆Ti/∆An will be positive; if they correlate negatively, then ∆Ti/∆An
will be negative. A decrease in TiO2 coupled with an increase in anorthite indicates that zones
of higher anorthite content grew in melts with higher Ca/Na and lower TiO2, and zones of
lower anorthite content in melts with lower Ca/Na and higher TiO2. If variations in anorthite
were the result of changes in H2O content alone, then TiO2 in the melt and plagioclase would
continue to increase independently of plagioclase composition, which would oscillate, resulting
in a breakdown of negative correlation of anorthite with TiO2, especially at short length scales
(Figure 3.14).
∆Ti/∆An values presented in Figure 3.13 initially appear to be widely distributed to positive
and negative values. Filtering with a 20 µm boxcar filter shows that data cluster strongly at
∆Ti/∆An = -0.001 at all length scales. Calculation of the standard error of estimate (SEE) of
the filtered data indicates that despite this spread, anorthite and TiO2 contents are consistently
negatively correlated in oscillatory zoned regions. This correlation suggests that oscillatory
zoning in plagioclase mantles is caused by variations in melt major element composition, i.e.
Ca/Na, an observation that is further supported by the presence of zoning in K2O (Figure 3.7).
Putirka (2005a) demonstrated that the orthoclase content of plagioclase is independent of melt
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Figure 3.14: Schematic illustration of the principles behind the method used to investigate
the environment of plagioclase mantle growth. Top right: if oscillations in anorthite content
were driven by variations in the H2O-CO2 content of magmas, in turn driven by CO2 degassing
or flushing, then there will no correlation between anorthite content and TiO2 (the tracer of
melt evolution). Bottom right: if oscillations were driven by variations in melt composition,
then TiO2 will correlate negatively with anorthite content because primitive melts crystallise
higher-anorthite plagioclase, but will contain lower TiO2 than more evolved melts. Left: the
degree of correlation can be expressed in terms of ∆Ti/∆An, which will be around zero for
no correlation, and less than zero for negative correlations.
H2O content, and must arise from changes in K2O concentration between different melt batches.
K2O is incompatible and therefore sensitive to both changes in the degree of melt evolution and
the degree of incompatible element enrichment.
Melt compositions in basaltic systems may change as the result of mixing of variably frac-
tionated melts, or by supplying mantle melts of variable composition from depth. By plotting
melt inclusion La/Yb against Ca/Na and shading by host forsterite content, it is possible to
distinguish between these two options (Figure 3.5b). As melt inclusion Ca/Na drops, a concur-
rent drop in host forsterite content is observed. However, there is no variation of Ca/Na with
La/Yb in olivines of constant forsterite content, as would be expected if Ca/Na were varying as
a result of the supply of variable melts. This indicates that melt fractionation is the main control
on inclusion Ca/Na and consequently the development of oscillatory zoning in the plagioclase.
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The convergence in La/Yb with decreasing Ca/Na mirrors that which occurs with decreasing
host forsterite content. It is therefore likely that magma reservoirs that fed the Laki eruption
experienced numerous recharge events by melts with variable La/Yb, but similar Ca/Na. It is
not possible, however, to rule out the possibility that crystals grew whilst being transported
around a compositionally zoned magma reservoir.
3.7 Modelling the evolution of the Laki magma
Accurate prediction of equilibrium plagioclase anorthite, clinopyroxene Mg# and olivine forsterite
contents from a melt composition requires the SiO2, Al2O3, CaO, Na2O, FeO and MgO content
of the melt to be well known. Melt inclusion major element compositions that have experienced
post-entrapment crystallisation or overheating during re-homogenisation are unreliable for pre-
diction of macrocryst compositions that are in equilibrium with Laki parental melts. In order
to test the ability of a single liquid line of descent to reproduce the full suite of Laki macrocryst
compositions, a forward modelling approach was undertaken to predict the evolution of melt
composition during fractional crystallisation.
3.7.1 Petrolog modelling
Initial fractional crystallisation calculations were performed using the programme Petrolog
(Danyushevsky & Plechov, 2011). This programme makes use of a range of published mineral-
melt equilibrium models to calculate changes in the composition and proportion of melts and
crystals during either crystallisation or reverse crystallisation at specified conditions for a given
starting composition. Reverse crystallisation is defined as the process of adding minerals back
into an evolved melt in cotectic proportions in order to determine a liquid line of descent. The
starting melt composition used for all Petrolog calculations was an average of the tephra
glass composition of Passmore et al. (2012) given in Table 3.1. Reverse fractional crystallisation
calculations were performed at 0.001, 2, 4 and 6 kbar to encompass the likely range of pressures
at which the evolution of the Laki magma may have occurred. Model runs were performed
at an fO2 of one log unit below the QFM buffer using the full range of plagioclase models
available, the Danyushevsky (2001) model for clinopyroxene and the Danyushevsky (2001) model
for olivine, with Kdol-meltFe-Mg fixed at 0.3. In order to reproduce the observed compositional ranges
of macrocrysts the following phase compositions were not permitted: plagioclase of An>90,
clinopyroxene of Mg#>84 and olivine of Fo>86. Results using the model of Danyushevsky (2001)
for plagioclase are presented in Figure 3.15. Melt TiO2 content ranges predicted from crystal
compositions using appropriate partition coefficient ranges for basalts at ∼1200°C (Dplg-meltTi =
0.04 ± 0.01 (Bindeman & Davis, 2000) and Dcpx-meltTi = 0.45 ± 0.1 (Hill et al., 2010)) are also
shown in Figures 3.15a & e (Dplg-meltTi = 0.04 ± 0.01 (Bindeman & Davis, 2000) and Dcpx-meltTi
= 0.45 ± 0.1 (Hill et al., 2010)). These ranges of partition coefficients lie within likely model
errors.
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Melt inclusions: Melt path models:
Naturally quenched melt inclusions Own model (see text)
Re−homogenised melt inclusions Petrolog 0.001 kbar
Depleted eruptions: Petrolog 2 kbar
Háleyjabunga & Lagafell (REP) Petrolog 4 kbar
Kistufell (NVZ) Petrolog 6 kbar
0.001 kbar
2 kbar
4 kbar
6 kbar
CoresMantlesRims
Figure 3.15: Plots summarising the results of modelling the evolution of the Laki magma.
Melt evolution paths calculated with Petrolog and the reverse fractional crystallisation
model are presented together here. Labels in panel (b) indicate the pressure of different
Petrolog runs; full details of the model set-up are given in the text. Grey regions show
melt compositions calculated from macrocryst compositions using an appropriate range of
partition coefficients. It should be noted that the naturally quenched inclusions broadly have
a similar slope to calculated model paths, but are offset to higher anorthite and TiO2 as the
result of post-entrapment crystallisation. Re-homogenised melt inclusions do not lie along
melt evolution paths, but cut across them.
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Low pressure runs reproduce the composition of macrocryst rims best (∼An60, cpx Mg#∼72,
∼Fo70). The 2 kbar run matches crystal composition data best, which is consistent with the
1–2 kbar estimation for last melt-crystal equilibration from application of the Yang et al. (1996)
barometer (see subsequent section on melt barometry). In all model runs clinopyroxene joins
the liquidus when the melt reaches a composition in equilibrium with ∼Fo83. Crystallisation
from Fo86 to Fo83 is along the ol-plg cotectic. In all cases, including 0.001 kbar, An>84 cannot
be generated in the presence of Fo<86. No plagioclase models in Petrolog predict anorthite
contents in excess of ∼1 mol.% higher than the Danyushevsky (2001) model. Modelling results
therefore suggest that high-anorthite plagioclase cores are unable to be generated from a parental
melt related to the carrier liquid by a single liquid line of descent. Plagioclase macrocryst
mantles and rims, olivine macrocrysts and clinopyroxene macrocrysts may however be related
to the carrier liquid.
Petrolog uses partition coefficients to predict the behaviour of elements that are not
used in mineral-melt calculations (Danyushevsky & Plechov, 2011). This technique is limited
by the quality of partition coefficient models. In the case of Laki, a large number of crystal
analyses have been performed across the range of mineral compositions (Figure 3.2). A reverse
crystallisation model that uses measured crystal compositions to alleviate errors from predicting
crystal compositions was thus constructed to test the reliability of the Petrolog results.
3.7.2 Reverse crystallisation model
The average tephra glass composition of Passmore et al. (2012) was used as a starting compo-
sition for calculations. Melt compositions were held at an fO2 of one log unit below the QFM
buffer throughout, i.e. Fe3+/ΣFe = 0.1. An Fe3+/ΣFe value of 0.1 represents a good approxima-
tion of measured Fe3+/ΣFe values in Icelandic melts, which lie between 0.08 (Breddam, 2002)
and 0.132 (Óskarsson et al., 1994). Equilibrium plagioclase anorthite was determined using the
model of Namur et al. (2011b). This model provides a maximum anorthite content because
it is calibrated at 1 atm. Equilibrium clinopyroxene Mg# was determined using the model of
Wood & Blundy (1997) and equilibrium olivine forsterite was determined using a Kdol-meltFe-Mg of 0.3
(Roedder & Emslie, 1970). The temperature-independent model of Wood & Blundy (1997) was
chosen in preference to equation 35 of Putirka (2008b), which was employed during subsequent
thermobarometric calculations, in order to avoid imposing extra conditions on the calculation.
A database of all Laki crystal analyses with appropriate totals and stoichiometry was filtered
for compositions within ±1 mol.% of the calculated equilibrium values for the melt. The pro-
portions in which phases were added back were calculated using the parameterisation of the
Olivine-Plagioclase-Augite-Melt (OPAM) boundary location from Yang et al. (1996) in the case
of eutectic (ol + plg + cpx) reverse crystallisation. An assemblage of 70% plg + 30% ol was
used in the case of cotectic (ol + plg) reverse crystallisation (Grove et al., 1992). Average com-
positions of successfully matched macrocrysts were then added in appropriate proportions to
the starting melt in increments of 0.1%. The melt composition was then renormalised to 100%
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and the crystal matching process repeated. Iterations continued while either ol + plg + cpx or
ol + plg could be successfully matched. As soon as either plagioclase or olivine could not be
matched by measured compositions the model was halted.
Results of this model are plotted alongside the Petrolog modelling results in Figure 3.15.
Model results generally reproduce macrocryst rim compositions well and show a good agreement
with the 0.001 kbar run of Petrolog for plagioclase at all but the most primitive compositions,
where Petrolog predicts anorthite contents to be a few mol.% higher. Olivine forsterite content
also shows good agreement, but clinopyroxene Mg# shows divergence. The divergence is retained
when a fixed Kdcpx-meltFe-Mg of 0.26 is used (Toplis & Carroll, 1995) and may be attributed to the
clinopyroxene model of Danyushevsky (2001) employing an effective Kdcpx-meltFe-Mg of ∼0.3 which
is much higher than that calculated using the model of Wood & Blundy (1997) or proposed
by Toplis & Carroll (1995). Furthermore, the major element content of clinopyroxene at a
given Mg# calculated using the Danyushevsky (2001) model shows significant compositional
differences in CaO and Al2O3, in the order of 2–3 wt.% with respect to measured crystals. This
deviation indicates that the Danyushevsky (2001) model is poor at determining clinopyroxene
compositions in systems of Laki-like composition. In order to test the sensitivity of the model
to varying phase proportions, a number of runs with fixed phase proportions were performed by
varying those determined by the point-counting of Passmore et al. (2012) (plg:ol:cpx of 57:11:32)
by ±5%. Variations of this magnitude did not greatly affect the model results, such that the
predicted plagioclase anorthite content only reached a maximum of ∼An82 at an equilibrium
olivine composition of Fo86.
3.7.3 Further modelling
Runs were also performed using Petrolog and the reverse crystallisation model outlined above
without imposing a maximum forsterite content of Fo86, in order to investigate possible equilib-
rium relationships between high-anorthite plagioclase and olivine. Above Fo86, olivine composi-
tions were predicted using stoichiometry based on a Kdol-meltFe-Mg of 0.3. The reverse crystallisation
model suggests that ∼An86 would be in equilibrium with ∼Fo90. Petrolog is only capable of
producing An>80 in equilibrium with ∼Fo90 at pressures of less than 4 kbar. The plagioclase,
olivine and melt compositions of the depleted eruptions of Háleyjabunga and Lagafell (Gurenko
& Chaussidon, 1995) and Kistufell (Breddam, 2002), were broadly reproduced using these low
pressure reverse crystallisation models. High-anorthite plagioclase could therefore have only
grown from melts related to the matrix glass by a simple liquid line of descent during cotec-
tic crystallisation with more forsteritic olivine (∼Fo90) than observed in the samples. Possible
explanations for the absence of high-forsterite olivine from the Laki magma will be discussed
below.
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3.7.4 Summary of modelling
In summary, crystallisation models suggest that macrocryst rim compositions are close to equi-
librium with the carrier liquid composition at low pressures. Most of the observed range in
macrocryst compositions can be described by adding ol + plg + cpx followed by ol + plg back
into the carrier liquid. In low pressure model runs, the most forsteritic olivine is in equilibrium
with the most anorthitic composition of plagioclase mantles. High-anorthite plagioclase core
compositions are not reproduced. A combination of textural information, CSD analysis, melt
inclusion data and modelling of magma evolution paths indicates that high-anorthite cores do
not have a simple relationship to the carrier liquid via a single liquid line of descent. They are
likely to have crystallised from high Ca/Na melts that are not preserved in olivine-hosted melt
inclusions. It is therefore important to assess where high-anorthite cores may arise and how
they may relate to the carrier liquid.
3.8 Diverse mantle melts and low pressure crystallisation paths
Trace element variability in olivine-hosted melt inclusions and the presence of high-anorthite
cores in plagioclase macrocrysts indicate that diverse primitive melts have been supplied to the
Laki magmatic system. The excess of large plagioclase crystals revealed by CSD analysis may
be explained either by accumulation of plagioclase in subsequent melts or by assimilation of
plagioclase from the walls of the plumbing system. Assimilation of high-anorthite plagioclase
as xenocrysts has previously been suggested as an explanation for Sr-isotope disequilibrium
between plagioclase macrocryst cores and groundmass in the Thjórsá lava, also in the EVZ of
Iceland (Halldórsson et al., 2008). Halldórsson et al. (2008) demonstrate that An>80 plagioclase
crystals with 87Sr/86Sr in the range 0.70305–0.70310 cannot be co-genetic with the groundmass
in which they are carried, which has 87Sr/86Sr in the range 0.70315–0.70320.
High-anorthite plagioclase crystals that are close to equilibrium with their carrier melts have
been reported in primitive Icelandic lavas, such as Borgarhraun (Winpenny & Maclennan, 2011),
Háleyjabunga and Lagafell (Gurenko & Chaussidon, 1995), and Kistufell (Breddam, 2002). All
these systems are depleted in incompatible trace elements and have low LREE/HREE ratios.
High-anorthite plagioclase is also associated with a depleted Sr-isotope signature in the Thjórsá
lava (Halldórsson et al., 2008). A recent study of the major element composition of melts
associated with depleted and enriched mantle melts in Iceland indicates that while depleted
melts are associated with high Ca/Na, enriched melts are associated with low Ca/Na (Shorttle
& Maclennan, 2011). The association of high Ca/Na with depleted melt compositions and high-
anorthite plagioclase has been well known in MORB for some time (e.g. Bender & Hodges, 1978;
Elthon & Casey, 1984). Plagioclase macrocryst cores are solely high-anorthite in composition; no
comparable homogeneous, resorbed macrocryst cores are observed with low anorthite contents
corresponding to an enriched melt with low Ca/Na. Given the evidence from olivine-hosted melt
inclusions for the supply of variable mantle melts in the Laki system, it is perhaps surprising
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that a corresponding range of macrocryst cores is not present.
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Figure 3.16: Sketch reproduced from Takahashi & Kushiro (1983) showing how ol-cpx-
opx-melt eutectics in a mantle peridotite system move towards the plg apex on a ol-plg-qtz
ternary projection as pressure decreases. Lines show eutectics during isobaric melting, with
melting pressures labelled in kbar. Low pressure melts are richer in Ca and thus project
closer to plagioclase than high pressure melts that are lower in Ca. High Ca/Na melts of the
shallow mantle saturate in plagioclase early during fractionation at crustal pressures.
A conceptual framework for understanding the presence of cores solely of high-anorthite
content concerns the way in which polybaric mantle melting generates depleted and enriched
mantle melts. Incompatible trace element depleted melts are generated by high degrees of
melting at low pressure (<15 kbar), whereas enriched melts are generated by low degrees of
melting at high pressure (>30 kbar) (e.g. McKenzie & O’Nions, 1991). Takahashi & Kushiro
(1983) demonstrated that the ol-cpx-opx-melt eutectic of mantle peridotite compositions moves
away from the olivine apex and towards the plagioclase apex of an ol-plg-qtz ternary diagram as
the pressure of melting decreases. Hence low-pressure eutectic mantle melt compositions lie much
closer to the ol-plg cotectic at crustal pressures than high pressure eutectic melt compositions
(Figure 3.16). Depleted melts from the shallow mantle therefore reach plagioclase saturation
after a shorter period of ol (± cpx) crystallisation than enriched melts, resulting in the high
temperature crystallisation of high-anorthite plagioclase. Enriched melts from the deep mantle
do not saturate in plagioclase until late in their evolution, and thus never crystallise high-
anorthite plagioclase. A similar explanation for the occurrence of high-Mg# clinopyroxene
associated with depleted melt compositions in the Borgarhraun flow was proposed by Winpenny
& Maclennan (2011). Depleted melts saturate much sooner in clinopyroxene and thus crystallise
Mg#90 clinopyroxene with olivine. Conversely, enriched melts crystallise only olivine.
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A further complication relating to the presence of high-anorthite plagioclase concerns the
absence of correspondingly high-forsterite olivine in the Laki system. Olivines of up to Fo90
have been reported in Laki by Bindeman et al. (2006), suggesting that rare primitive olivines
may indeed be present. However, no forsterite contents in excess of Fo86 were measured in the
54 samples used in the present study and by Passmore et al. (2012). Thus, if such olivines
are present they are exceptionally rare, especially in comparison to high-anorthite cores. Three
possible explanations for the absence of forsteritic olivine from the Laki lava, which need not be
mutually exclusive, are:
1. The rate of NaSi-CaAl interdiffusion in plagioclase is much slower than the rate of Mg-Fe
interdiffusion in olivine: DplgNaSi-CaAl = 1–10 × 10−21 m2/s for NaSi-CaAl interdiffusion in
An70-An90 plagioclase at 1200°C (Grove et al., 1984), whereas DolFe-Mg = 5 × 10−17 m2/s
for Mg-Fe interdiffusion in Fo86 olivine at 1200°C (Dohmen & Chakraborty, 2007). Simple
calculations using the expression x ≈ √Dt from Zhang (2010) indicate that >250,000 years
are required for significant NaSi-CaAl interdiffusion to take place on the 100 µm lengthscale
in plagioclase, whereas only ∼10 years are required for significant Mg-Fe interdiffusion
in olivine. It is therefore possible that high-forsterite olivines have undergone complete
diffusive re-equilibration, while high-anorthite plagioclases have retained zones of highly
primitive composition. However, significant amounts of Mg-Fe re-equilibration since the
crystallisation of Fo86 olivine appears unlikely, because the correlations between trace
element variability and forsterite content shown in Figures 3.5b & 3.12 would break down
if olivine compositions had reset widely.
2. During transport of depleted melts from deep reservoirs to the loci of melt mixing, a density
filter may have acted to separate forsteritic olivine from melt and anorthitic plagioclase.
Melt density calculations using the method of Bottinga & Weill (1970), with updated
partial molar volumes and thermal expansion coefficients (Lange & Carmichael, 1990;
Toplis et al., 1994; Lange, 1997; Ochs & Lange, 1999), indicate that the Háleyjabunga
glass of Gurenko & Chaussidon (1995), which is in equilibrium with high anorthite and
forsterite contents, has a density of 2716 kg/m3 at 1200°C. Using the densities of Smyth &
McCormick (1995) and thermal expansion coefficients from Fei (1995), Fo88 has a density
of 3262 kg/m3 at 1200°C. In contrast, An89 has a density of 2640–2691 kg/m3 at 1200°C
using a molar volume from Angel et al. (1990) and thermal expansion coefficients from
Holland & Powell (1998) (minimum value) and Berman (1988) (maximum value). Olivine
is therefore more likely to sink out of the melt and be deposited in cumulate bodies from
which it cannot be remobilised. Plagioclase, however, remains close to neutral buoyancy
and may be carried with the melt to shallower levels more readily. See Chapter 5 for
further discussion on crystal buoyancy and calculation of melt and macrocryst densities.
3. Fo86 olivine macrocrysts containing incompatible trace element depleted, high Ca/Na melt
inclusions may be present in the Laki lava, but have been missed by the sampling of Pass-
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more (2009). Observations from the Skuggafjöll eruption discussed in Chapter 5 indicate
that Fo86 may be in equilibrium with ∼An88, but only in melts more depleted than those
measured by Passmore (2009). SIMS data from Hartley et al. (2014) indicate that there
is a small population of highly depleted melt inclusions in Fo86 olivine macrocrysts that
may be in equilibrium with high-anorthite plagioclase cores.
Macrocryst and melt compositions preserved in the Laki lava cannot be explained by mag-
matic evolution along a single liquid line of descent from a single primary melt. A range of
variably depleted and enriched primitive melts, which are likely to experience different crystalli-
sation trajectories because of their different compositions, have been supplied to the base of
the plumbing system. These melts have subsequently mixed, generating the melt composition
erupted at the surface. Now that crystal-melt relationships have been explored, it is possible to
estimate with confidence the depths at which magma storage and evolution took place. Both
melt barometry and clinopyroxene thermobarometry approaches were employed.
3.9 Melt barometry
The location of the olivine-plagioclase-augite-melt (OPAM) boundary in composition space
varies as a function of pressure in basaltic magmas (Yoder & Tilley, 1962; Grove, 1993; Yang
et al., 1996). It is therefore possible to determine the pressure at which the melt was last in
equilibrium with olivine, plagioclase and augite. Point-counting results from the recent study of
Passmore et al. (2012) confirm that Laki samples contain olivine, plagioclase and augite in near-
eutectic proportions (with a slight excess in primitive plagioclase suggested by CSD analysis),
and that equilibrium between OPAM phases has occurred during melt evolution.
Mineral norms calculated from tephra glass compositions using the scheme of Grove (1993)
were compared with normative mineralogies recalculated from the same starting composition
at a range of pressures using the parameterisation of Yang et al. (1996) in order to determine
the last pressure of mineral-melt equilibration. Tephra glass compositions record equilibrium
pressures mainly within a range of 1–2 kbar (Figure 3.17) with an error in the order of 1 kbar.
The melt was last in equilibrium with olivine, plagioclase and clinopyroxene in the shallow crust,
within the depth range 3–7 km. However, only the outermost crystal rims record compositions
in equilibrium with tephra glass compositions according to the modelling results. In order
to investigate the physical conditions experienced earlier in the crystallisation history, further
thermobarometric calculations were carried out on primitive clinopyroxene cores.
3.10 Clinopyroxene thermobarometry
Clinopyroxene thermobarometry was used to determine the pressure and temperature conditions
experienced during clinopyroxene crystallisation from the Laki magma. Given the textural as-
sociation between clinopyroxene, plagioclase mantles and olivine it is reasonable to assume that
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Figure 3.17: Normative mineralogy of Laki tephra glass calculated using the method of
Grove (1993) and OPAM boundary locations (lines) calculated using the method of Yang
et al. (1996) projected onto the olivine(Ol)-diopside(Cpx)-quartz(Qtz) plane from plagioclase.
The left-hand end of each OPAM-boundary line represents the most primitive sample and
the right-hand end the most evolved. Tephra glass compositions, which represent the carrier
liquid, were last in equilibrium with plagioclase, clinopyroxene and olivine at ∼1–2±1 kbar,
the shallow crust.
all three phases grew under similar conditions. A number of clinopyroxene-based thermobarom-
eters are now available and have been reviewed by Putirka (2008b). The thermobarometers with
the smallest errors make use of carefully selected equilibrium clinopyroxene-melt pairs (Putirka,
2008b). At Laki, both tephra glass and whole-rock compositions are out of equilibrium with
observed clinopyroxene compositions (Figure 3.2). Equilibrium clinopyroxene-melt pairs have
therefore been determined by matching clinopyroxene compositions to a large database of Ice-
landic magma compositions (see Appendix B for a list of sources). The database of Icelandic
magmas was filtered to contain only samples from rift zones. Flank zone compositions were dis-
carded because they erupt alkali and transitional basalts, which are inappropriate to compare
with the tholeiitic Laki system (Sigmarsson & Steinthórsson, 2007). Any whole-rock samples
that contain more than 12 wt.% MgO were also removed as these are likely to have experienced
olivine accumulation. Clinopyroxene-melt matching was only carried out on sector zones that
maintained crystal-melt equilibrium on crystal surfaces during growth. Zones that grew under
equilibrium conditions contain 16-20 wt.% CaO (Nakamura, 1973).
Initially, each clinopyroxene analysis was tested for Mg-Fe and Ti equilibrium with all
melts using a Kdcpx-meltFe−Mg value calculated using equation 35 of Putirka (2008b). D
cpx-melt
Ti was
calculated using the composition-dependent, temperature-dependent and pressure-dependent
parametrisation of Hill et al. (2010). Selection thresholds of ±10% were used for both Mg-Fe
and Ti equilibrium, which are larger than model errors. Pressure and temperature estimates
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Figure 3.18: (a) Crystallisation pressure estimates for clinopyroxenes from the Laki erup-
tion. Pressures were calculated using the cpx-melt barometer of Putirka (2008a) on carefully
matched equilibrium clinopyroxene-melt pairs. The method employed is described fully in
the text. The 1–2 kbar range of carrier liquid equilibration is shown in pale grey. Raw
barometry results are shown as pale lines. Results corrected for the systematic error in the
barometer are shown as dark lines. Systematic error was determined by application of the
Putirka (2008a) barometer to experimental data in the 2–5 kbar range. Apart from a crystal
rim that equilibrated at 0.7–1.8 kbar, clinopyroxene cores record crystallisation pressures of
2–5.4 kbar. Comparison with a Moho depth of ∼25 km (Darbyshire et al., 2000) indicates
that most crystallisation of macrocrysts in the Laki system took place in the mid-crust. (b)
Summary histogram using the same shading as in (a).
for each clinopyroxene-melt pair were then determined by iteratively solving equations 32c and
32d of Putirka (2008b). A further check on clinopyroxene-melt equilibrium was performed by
predicting the CaTs content of clinopyroxenes in each macrocryst-melt pair using the parametri-
sations of Putirka (1999): pairs where clinopyroxene and melt diverged by more than 10% from
CaTs equilibrium were discarded. Filtering by CaTs was used because the Putirka (2008b)
barometer is particularly sensitive to Al2O3 content of pyroxene. Pressure and temperature
were then re-calculated using only the clinopyroxene analyses that met Mg-Fe, Ti and CaTs
equilibrium criteria.
A total of 15 clinopyroxene analyses were successfully matched to between 20 and 200 melts.
Matched melts were drawn from a range of eruptions containing 7–9 wt.% MgO: Gæsafjöll in the
Theistareykir system; Thjórsá lava in the Bárðarbunga system; and Bláfjall in the Fremrinámur
system. The standard deviation in pressures and temperatures calculated for each clinopy-
roxene analysis is much less than the ±1.5 kbar and ±30 K model errors (Putirka, 2008b).
Most clinopyroxenes record pressures in the range 3.5–6.9 kbar, with one recording 2.2–3.4 kbar
(Figure 3.18). These pressures correspond to a maximum temperature range of 1171–1190°C
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in the high pressure samples and 1150–1160°C in the low pressure sample. The low pressure
recorded in a low Mg# analysis from a crystal rim lies close to the pressure range predicted
using OPAM boundary barometry. This method of melt matching and pressure calculation was
tested using clinopyroxene data for Borgarhraun, north Iceland. The 6–10 kbar pressure range
reported by Winpenny & Maclennan (2011), who use a different clinopyroxene-melt-matching
technique combined with the Putirka et al. (1996) thermobarometer, is reproduced using the
method presented here.
The various models presented by Putirka (2008b) were largely calibrated for anhydrous
systems using experiments performed at 1 atm and 8–40 kbar. The validity of using these
thermobarometers in the 2–6 kbar range was tested with data from experiments performed
in the 1–8 kbar range for which coexisting melt and clinopyroxene compositions are reported:
Grove et al. (1992); Tormey et al. (1987); Feig et al. (2006); Feig et al. (2010); and Villiger et al.
(2007). Data in this pressure range are scarce, however, because of technical limitations (e.g.
Villiger et al., 2007). For samples in the range 2–5 kbar, the average residual between observed
and calculated pressures is 1.5 kbar using the 18 relevant experiments. This suggests that the
thermobarometer of Putirka (2008b) may overestimate pressures in the range of interest by up
to 1.5 kbar. The Putirka et al. (2003) thermobarometer has a much larger average residual of
2.3 kbar.
After applying a correction of −1.5 kbar, the pressure of the low-Mg# rim analysis is reduced
to 0.7–1.8 kbar, in line with the 1–2 kbar (i.e. 3–6 km) predicted using OPAM boundary
barometry. The bulk of clinopyroxene analyses record pressures of crystallisation greater than
the OPAM estimates, with a maximum range of 2–5.4 kbar. This pressure interval corresponds
to a depth range of 8–20 km. Comparison with an estimated crustal thickness under Laki of
∼25 km (Darbyshire et al., 2000) implies that the bulk of crystallisation in the Laki magma
took place within the mid crust. This depth range is comparable with that reported for magma
movement events in the most recent studies of seismicity associated with the 2010 Eyjafjallajökull
eruption (Tarasewicz et al., 2012). This indicates that mid-crustal processing of magma may be
an important feature across the EVZ.
3.10.1 A caveat on the applicability of clinopyroxene-melt barometers
It is important to note that, with respect to Laki, clinopyroxene-melt barometry gives results
consistent with other techniques presented in this thesis and is considered reliable. Recent work
carried out by Margaret Hartley into the behaviour of CO2 in the Laki system has validated the
record of mid-crustal crystallisation presented here (Hartley et al., 2014).
However, this reliability may not transfer to other systems where there is shallow-to-mid-
crustal crystallisation. For example, in the Skuggafjöll eruption (Chapters 4–6) there is a dispar-
ity between melt inclusion entrapment pressures (0.5–2 kbar; Chapter 6) measured by SIMS and
clinopyroxene-melt barometry (∼4 kbar). The reasons for this disparity are unclear at present,
and would require new phase equilibria experiments in the 1–8 kbar range to be resolved. Results
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of clinopyroxene-melt barometry carried out on the Skuggafjöll eruption are not incorporated
into models of petrogenesis in that eruption.
3.11 Magmatic mushes and mid-crustal crystallisation
Clinopyroxene-melt thermobarometry indicates that crystallisation of plagioclase mantles, olivine
cores and clinopyroxene cores occurred within the mid crust across a pressure range of 2–5.4
kbar. Oscillatory zoning in plagioclase mantles suggests that numerous recharge events took
place during storage in the mid crust. Melt inclusion data and plagioclase core compositions
show that a range of mantle melt compositions were supplied during these recharge events,
rather than a primitive melt of constant composition.
Macrocryst textures indicate that crystal settling and formation of polymineralic mushes
took place prior to macrocryst rim growth: EPMA analyses in addition to BSE and CL images
show that macrocryst rims wrap around numerous cores, and that crystal boundaries inside
glomerocrysts never reach the more evolved compositions of the macrocryst rims in contact with
the groundmass (Figures 3.9 & 3.11). Mush formation is therefore likely to have occurred in the
mid crust (2–5.4 kbar), with the mush disaggregating into clots prior to transport to shallower
levels where rim crystallisation occurred (shown schematically in Figure 3.19). The formation of
magmatic mushes along Iceland’s neovolcanic rift zones has previously been proposed by Hansen
& Grönvold (2000) and is discussed in greater depth in Chapter 5. Melt barometry indicates
that final equilibration of macrocryst rims and the carrier liquid took place at 1–2 kbar during
potentially brief, shallow storage en route towards the surface. The mush addition signature
suggested by Passmore et al. (2012) on the basis of combined whole-rock geochemistry and
point-counting systematics must have been generated at the same depth, or shallower, than the
depth of the last carrier liquid-crystal rim equilibration recorded by melt barometry (1–2 kbar)
for no record of the inferred evolved mush liquid to preserved in macrocryst rims. The mush
formation discussed here must have occurred deeper in the crust, in a different and earlier phase
of melt evolution.
Bindeman et al. (2006) propose that 25–45% of the volume of the Laki magma may have been
derived by bulk digestion of Pleistocene hyaloclastite prior to eruption and that this digestion
is required to explain the low and homogeneous δ18O of the Laki-Grímsvötn system (∼3.1%).
In this model, material added to the magma from hyaloclastite is identical in composition to
the magma except that it possesses a lower δ18O signature as the result of interaction with low
δ18O meltwater during emplacement and palagonitisation. The model of Bindeman et al. (2006)
is, however, difficult to reconcile with the trace element data presented here. Melt inclusion
trace element data show evidence of mixing of initially heterogeneous compositions towards a
mean value corresponding to the carrier liquid (Figure 3.5c). The δ18O data, in contrast, imply
mixing towards an extreme light value rather than a mean value within the range suggested
by the crystal compositions (the range of δ18O in plagioclase and olivine macrocrysts is 2.2–
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Figure 3.19: Schematic illustration summarising the record of deep processes and a stylised
representation of plumbing system geometry in the Laki system. Olivine-hosted melt inclu-
sions preserve a history of concurrent mixing and crystallisation of melts of variable compo-
sition. High-anorthite plagioclase cores crystallised from highly depleted melts that are not
preserved in the melt inclusion record. Oscillatory zonation patterns in plagioclase suggest
that the crystallisation occurred in melt of variable composition. This compositional vari-
ability may be attributed to mixing of variably fractionated melts, but may also be the result
of supplying variable melts to the system. The bulk of olivine, plagioclase and clinopyrox-
ene crystallisation took place in mid-crustal magma reservoirs at 2–5.4 kbar. Formation of
magmatic mushes at mid-crustal depths is inferred from crystal textures. These mushes were
then disaggregated and transported in the carrier liquid to a region of shallow-crustal storage.
Melt barometry constrains this depth of storage to ∼1–2 kbar where crystal rims grew. The
mush addition signature identified by Passmore et al. (2012) must have been generated at
the depth of the last crystal-melt equilibration, or shallower.
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5.2%). Given that the very low δ18O signature (<4.2%) is restricted to glasses and evolved
olivine macrocrysts (Fo<77), it is possible that assimilation took place after the mixing recorded
in more primitive macrocrysts was complete. Nevertheless, the volume of material required to
cause a shift in δ18O to ∼3.1% is very large (25–40%) and, as such, it is difficult to envisage
that it would not have an effect on the trace element content of the carrier liquid. Whilst these
findings need not be incompatible with the model of Bindeman et al. (2006), it is possible that
the low δ18O of the Laki-Grímsvötn system may be derived partly from the mantle.
Crystallisation at different levels in the crust strongly suggests that melt reservoirs are present
at a range of depths in EVZ crust. This is consistent with a ‘stacked sills’ model (e.g. Kelemen
et al., 1997; Maclennan et al., 2001b) of crustal accretion, as opposed to a ‘gabbro glacier’
model (Henstock et al., 1993; Phipps Morgan & Chen, 1993), where crystallisation occurs at
shallow levels and crust is advected downwards. Information about crystallisation depths cannot,
however, provide information about the lateral transport history of the magma. All that can be
concluded from the thermobarometry presented here is that magma storage has been recorded
at 1–2 kbar and 2–5.4 kbar intervals, which may have been transient in the case of storage at 1–2
kbar. Whether this storage was under Grímsvötn (e.g. Sigurðsson & Sparks, 1978) or dispersed
over the fissure swarm (e.g. Guðmundsson, 1995) is unresolvable using the observations discussed
here. Thordarson & Self (1993) strongly argue against a lateral flow model for Laki. This view
is based on the progressive opening of fissures towards Grímsvötn and a lack of evidence to
support large scale magma drainage and deflation at the central volcano.
3.12 Conclusions
The Laki eruption is striking because of its exceptional size and high eruption rates. However,
detailed study of crystal-melt relationships indicates that magmatic evolution in the Laki sys-
tem was governed by the same processes as smaller eruptions elsewhere in Iceland. Both melt
inclusions and macrocrysts show evidence for a supply of diverse mantle melts to the base of the
plumbing system. Melt inclusions in forsteritic olivine do not record the full range of melt com-
positions generated by mantle melting. High-anorthite plagioclase cores crystallised from high
Ca/Na depleted melts that are not represented in the melt inclusion population. It is not possi-
ble to resolve whether the cores have been incorporated from the walls of the plumbing system
or represent an accumulated population mixed into parental carrier liquid prior to olivine-hosted
melt inclusion entrapment. Depleted melts are likely to have been derived from shallow melting
of refractory mantle. As a result of their high Ca/Na, depleted melts are expected to saturate in
plagioclase much earlier during low pressure fractional crystallisation than enriched melts. Melt
mixing, density sorting and/or diffusive overprinting of crystal compositions may prevent other
magmatic components from carrying a record of such depleted melts. Despite the rest of the
macrocryst load being largely out of equilibrium with the host lava, it is possible to relate it to
the carrier liquid using fractional crystallisation models. Oscillatory zoned plagioclase mantles
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record growth from variable melt compositions resulting from repeated recharge and crystallisa-
tion events. Given the wide range of La/Yb in olivine-hosted melt inclusions in equilibrium with
plagioclase mantles, it is surprising that models using single liquid lines of descent are capable
of reproducing observed crystal compositions as well as they do.
Reduction of melt inclusion trace element variability towards the flow mean with decreasing
host olivine forsterite indicates that variable mantle melts were well mixed prior to eruption.
Mixing rates calculated for Laki are similar to those previously calculated in the NVZ, WVZ and
Reykjanes Peninsula. This is despite the higher magma supply rate in the EVZ and the large size
of Laki in contrast to previously studied eruptions. Different thermobarometric techniques are
capable of extracting a history of polybaric magmatic evolution (Figure 3.19). Clinopyroxene-
melt barometry indicates that most eutectic crystallisation of macrocryst phases took place
within the mid crust at pressures of 2–5.4 kbar in the depth range 8–20 km. The carrier
liquid composition records final crystal-melt equilibration and macrocryst rim growth at a depth
of 3–6 km in the shallow crust immediately before eruption. Crystal textures indicate that
polymineralic magmatic mushes developed during mid-crustal storage. These mushes partially
disaggregated upon transport of material to shallower levels. Polybaric crystallisation in the
Laki system provides further support for a ‘stacked sill’ model of plumbing system geometry in
Iceland. Melt evolves and is stored at a range of depths, but much of the crystallisation occurs
in the mid-to-lower crust.
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Chapter 4
Petrological and geochemical
variability in the Skuggafjöll
eruption
4.1 Introduction
Studying geochemical variability in whole-rock samples within individual flows can reveal records
of mantle melt heterogeneity (e.g. Slater et al., 2001; Maclennan et al., 2003b), magma mixing
(e.g. Fitton et al., 1983) and crystal mush disaggregation (e.g. Salaün et al., 2010; Passmore et al.,
2012). Melt inclusion suites often reflect and extend whole-rock geochemical trends. Records
of primary melt heterogeneity have been well described in a number of Icelandic eruptions (e.g.
Gurenko & Chaussidon, 1995; Gurenko & Sobolev, 2006; Maclennan, 2008a). Whilst a number
of studies have investigated the causes of geochemical variation within single Icelandic eruptions
(Sigmarsson et al., 1991; Maclennan et al., 2003b; Halldórsson et al., 2008; Eason & Sinton, 2009;
Passmore et al., 2012), only the study of Halldórsson et al. (2008) has focussed on a highly phyric
basalt, the voluminous (>25 km3) Thjórsá lava. A suite of diverse petrological and geochemical
observations from the Skuggafjöll eruption are described in this chapter. These observations
provide the basis for an improved understanding of highly phyric basalt genesis. Lavas from the
Skuggafjöll eruption contain large portions of glassy or very fine grained groundmass and are
thus well suited for combining whole-rock geochemistry with microanalytical and textural study.
Records of petrological and geochemical variability in whole-rock samples from Skuggafjöll are
outlined and statistically validated in the earlier sections of this chapter. Causes of geochemical
variability between whole-rock samples are discussed in Chapter 5, and interpreted in terms of
crystal storage and transport within the Skuggafjöll plumbing system prior to eruption.
Geochemical variability is present at a range of scales within igneous rocks. As well as
considering the causes of variability on the eruption scale between whole-rock samples, it is
often instructive to investigate variability between macrocrysts, within individual macrocrysts
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and within populations of melt inclusions hosted by these macrocrysts (e.g. Blundy & Cashman,
2008; Maclennan, 2008a). Whilst variability in the trace element and isotopic content of melt
inclusions can often be well described in terms of mantle melting, differentiation, mixing and
dissolution processes (e.g. Sobolev & Shimizu, 1993; Maclennan et al., 2003a; Danyushevsky
et al., 2003), their volatile content can be more difficult to interpret. Although a large number
of studies have used the volatile content of melt inclusions to estimate volatile emission budgets
(Métrich & Clocchiatti, 1989; Thordarson et al., 1996), there are few large datasets that combine
volatile and trace element analyses for use in investigating how mantle melting and melt mixing
control the volatile content of magmas (Figure 1.3). In addition to collecting whole-rock and
mineral composition data, a large suite of melt inclusions from the Skuggafjöll eruption were
analysed for both trace elements and volatiles. A key advantage of this approach is that melt
inclusion composition systematics can be interpreted within a framework of other petrological
and geochemical data. Records of geochemical variability in melt inclusions are described and
statistically validated in later parts of this chapter. Correlations between the volatile and trace
element content of inclusions are discussed in Chapter 6 and used to illustrate the importance
of melt mixing in controlling the trace element and volatile content of melt inclusions.
4.2 Petrography
4.2.1 Mineralogy
All samples are olivine, clinopyroxene and plagioclase phyric (Figure 4.1). Rare spinel grains
(chromites) are present as inclusions within plagioclase and olivine macrocrysts. Fe-Ti oxides
only occur as small dendritic grains in the groundmass of the most crystalline samples, and are
never observed in the glassy portions of thin sections.
Macrocrysts are defined throughout as having a minimum long axis length of 150 µm. This
definition is based on the minimum size of crystals in glassy portions of thin sections that have
not experienced post-emplacement crystallisation. Olivine macrocrysts are generally equant,
subhedral and 150–1500 µm in size. Rare olivine grains up to 4 mm in size are present and are
usually associated with large plagioclase macrocrysts. Spheroidal melt inclusions up to ∼300
µm in size occur in olivine macrocrysts. Clinopyroxene macrocrysts are generally equant to
prismatic and 150–2250 µm in size. Both hourglass and complex sector zonation are visible under
crossed polars in some clinopyroxene grains. Concentric zoning is also visible in clinopyroxene
macrocrysts with and without sector zoning. Plagioclase macrocrysts are generally 150–5000
µm in size, but may reach up to 12 mm in size. Large plagioclase grains (generally >600
µm) have low aspect ratios (length/width ∼ 1.5, up to a maximum of 2) and stubby tabular
to prismatic habits, whereas small grains (<600 µm) have higher aspect ratios (length/width
> 2, up to a maximum of 5) and elongate tabular habits (see following section on crystal
size distributions). Throughout the discussion of data from Skuggafjöll the terminology ‘large’
and ‘small’ can be considered synonymous with ‘low-aspect-ratio’ and ‘high-aspect-ratio’ when
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Figure 4.1: Photomicrographs showing textures observed in typical pillow lava samples
from Skuggafjöll. (a) Photomicrograph with crossed polars of sample SKU-11-01A. This im-
age shows part of a glomerocryst containing large macrocrysts of plagioclase and olivine set
in a fine grained groundmass containing plagioclase, olivine and clinopyroxene. Both large
olivine and large plagioclase macrocrysts occur as individual macrocrysts, as monomineralic
glomerocrysts and as polymineralic glomerocrysts. (b) Photomicrograph with crossed polars
of sample HOR-12-03A showing a plagioclase-dominated glomerocryst. Note the numerous
intergrown plagioclase grains resting at high angles to each other (marked ‘A’). (c) Photomi-
crograph with plane polars of sample SKU-11-02A. Two glomerocrysts containing high-relief
clinopyroxene and low-relief plagioclase in ophitic arrangement are visible in the centre of
the image. The glomerocrysts are set in dark and vesicular mesostasis. (d) Photomicrograph
with crossed polars of sample HOR-11-02B. Note the presence of melt pores at plg-plg-plg
boundaries (marked ‘B’) and melt films between intergrown plagioclase grains (marked ‘C’).
applied to plagioclase macrocrysts. Discrete macrocryst cores and rims are visible under crossed
polars in large plagioclase macrocrysts. Large plagioclase macrocrysts also exhibit a wide range
of textures: some contain no melt inclusions, whereas others contain large numbers of small (<10
µm) melt inclusions both in the centre of macrocryst cores and in concentric bands parallel to
crystal faces. Rare plagioclase grains show striking sieve textures. Occasional melt inclusions
77
4. Geochemical variability: Skuggafjöll eruption
cpx (0.6)
plg (1)
ol (0.6)
Sample phase proportions
Mean phase proportions
Gabbro eutectic proportions
0.0 0.1 0.2 0.3 0.4 0.5
Macrocryst Mass Fraction
Figure 4.2: Ternary diagram showing the relative proportions of plagioclase, clinopyroxene
and olivine in pillow basalt and basaltic lithic samples from Skuggafjöll, as determined by
point-counting. Point-counting data are coloured by the mass fraction of all macrocrysts.
Mean phase proportions of all samples are shown as a diamond and typical low pressure
gabbro eutectic proportions from Yang et al. (1996) are shown with a cross.
up to ∼150 µm in size are also present within plagioclase macrocrysts.
Macrocrysts of all phases occur as individual grains and within monomineralic and polymin-
eralic glomerocrysts. Glomerocrysts can be categorised into two groups: large and small. Large
glomerocrysts (>2 mm), which contain large, stubby plagioclase grains (>1 mm), are associated
with large olivine grains (>500 µm). Clinopyroxene only occurs as small grains around the edge
of large glomerocrysts (Figure 4.1a). Plagioclase grains are generally orientated at high angles to
each other (Figure 4.1b). Individual glomerocrysts also contain plagioclase grains with different
textures and melt inclusion contents. Small glomerocrysts (<2 mm), which contain clinopyrox-
ene and plagioclase grains in ophitic arrangement, are generally smaller than ∼1 mm. Small
olivine grains (<500 µm) may also be present within small glomerocrysts in variable proportions
(Figure 4.1c).
4.2.2 Point-counting
Vesicle-free macrocryst mass fractions were calculated from point-counting data using the fol-
lowing phase densities: 3.3 g/cm3 for olivine, 3.2 g/cm3 for clinopyroxene, 2.7 g/cm3 for pla-
gioclase and 2.7 g/cm3 for groundmass. Both raw point-counting data and macrocryst mass
fractions are provided in Table 4.1. The mean macrocryst mass fraction of measured samples
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Sample Raw counts Mass fractions (%)
plg cpx ol gm ves plg cpx ol macro
HOR-11-01A 489 54 32 773 512 35.8 4.7 2.9 43.4
HOR-11-01B 543 72 39 1028 394 31.8 5.3 2.8 39.9
HOR-11-01C 381 63 32 911 290 27.0 5.3 2.8 35.2
HOR-11-02A 453 107 33 716 372 33.6 9.2 3.1 45.9
HOR-11-02B 429 112 41 950 275 27.4 8.5 3.2 39.1
SKU-11-01A 780 63 47 1029 360 39.9 3.9 2.9 46.8
SKU-11-01B 158 65 22 1183 261 11.0 5.3 1.8 18.1
SKU-11-02A 364 94 30 1229 492 20.9 6.4 2.1 29.4
SKU-11-02B 505 104 34 978 483 30.6 7.5 2.5 40.6
SKU-12-06A 149 31 15 926 540 13.2 3.3 1.6 18.1
SKU-12-06B 542 31 24 967 268 34.4 2.3 1.9 38.6
SKU-12-07 326 22 40 914 444 24.8 2.0 3.7 30.5
SKU-12-09A 40 18 12 1222 312 3.1 1.6 1.1 5.9
SKU-12-09B 80 35 16 861 332 8.0 4.1 2.0 14.1
SKU-12-09C 496 45 39 957 247 31.9 3.4 3.1 38.4
SKU-12-14A 402 25 42 1078 268 25.8 1.9 3.3 30.9
SKU-12-14B 299 38 24 961 223 22.4 3.4 2.2 28.0
SKU-12-15A 63 48 12 719 684 7.4 6.7 1.7 15.8
SKU-12-15B 207 20 23 624 527 23.4 2.7 3.2 29.3
SKU-12-15C 216 29 14 829 246 19.7 3.1 1.6 24.4
SKU-12-16 101 44 23 1092 429 7.9 4.1 2.2 14.2
SKU-12-18 323 56 41 931 140 23.6 4.8 3.7 32.1
SKU-12-21 289 42 14 714 291 27.0 4.7 1.6 33.3
SKU-12-22 489 80 22 967 342 31.0 6.0 1.7 38.7
SKU-12-26 307 29 33 789 273 26.2 2.9 3.4 32.6
HOR-12-03A 347 41 25 883 303 26.5 3.7 2.3 32.6
HOR-12-03B 156 58 23 864 350 14.0 6.2 2.5 22.6
Table 4.1: Raw point-counting data and macrocryst mass fractions for pillow basalt and
basaltic lithic samples from Skuggafjöll.
plg, plagioclase; cpx, clinopyroxene; ol, olivine; gm, groundmass; ves, vesicles; macro, macro-
crysts
is 30.4%±10.7%(1σ) with a range from 5.9% to 46.9%. The mean proportions of macrocryst
phases are plg:cpx:ol in the ratio 74:17:9 (Figure 4.2). However, phase proportions vary sub-
stantially between different samples. The least phyric samples (macrocryst mass fraction <20%)
have phase proportions similar to those expected during low pressure crystallisation at the three-
phase gabbro eutectic (plg:cpx:ol in the approximate ratio 55:35:10 (Yang et al., 1996)). Highly
phyric samples (macrocryst mass fractions >35%) contain plagioclase proportions of up to 90%
(Figure 4.2; Table 4.1), which is much higher than expected during anhydrous crystallisation
along either gabbroic or ol-plg cotectics (Yang et al., 1996; Grove et al., 1992).
4.2.3 Crystal size distributions
Crystal size distributions (CSDs) contain information about the nucleation and growth of crys-
tals in magma (e.g. Marsh, 1988; Cashman & Marsh, 1988). CSDs are also highly sensitive
to mixing crystal populations of different sizes and consequently different ages (Marsh, 1998).
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Figure 4.3: (a–c) Crystal size distributions (CSDs) for plagioclase in three samples with
variable crystal contents. Crystal size bins are spaced 150 µm apart. Linear regressions
through coherent plagioclase populations are shown as solid black lines. A tentative regression
through large plagioclase grains in (c) is shown as a dashed black line. Data excluded from
regressions are shown with a white cross. Data are excluded when population densities are
defined by the measurement of only a single crystal. (d–f) Mean plagioclase aspect ratios
for each size bin with 1σ error bars. Where bins contain sufficient crystals, 95th percentiles,
which represent likely maximum aspect ratios, are shown by the black rimmed symbols.
Populations of larger, hence older, crystals show shallower negative gradients on plots of crystal
length against the natural logarithm of population density than populations of smaller, hence
younger, crystals (e.g. Higgins, 1996). Plagioclase, clinopyroxene and olivine CSDs were calcu-
lated for samples with macrocryst contents of 40.0% (HOR-11-01B), 29.5% (SKU-11-02A) and
18.1% (SKU-11-01B). As discussed in Chapter 2, crystal length is expressed as the square root
of macrocryst areas in order to account for differences in aspect ratio between plagioclase macro-
crysts of different size (see Figure 4.3d–f). Full crystal size data are provided on a supplementary
CD.
Plagioclase CSDs are determined accurately because of the large number of crystals used
(between 1751 and 2159; Figure 4.3a–c). All three plagioclase CSDs have pronounced kinks
at ∼600 µm square root area, separating shallow gradients at large crystal sizes from steep
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Figure 4.4: Crystal size distributions (CSDs) for clinopyroxene (a–c) and olivine (d–f) in
the same three samples with variable crystal contents. Crystal size bins are spaced 100 µm
apart. Linear regressions through coherent crystal populations are shown as solid black lines.
A tentative regression through large olivine grains in (d) is shown as a dashed black line.
Data excluded from regressions are shown with a white cross. Data are excluded when either
population densities are defined by the measurement of only a single crystal, or crystal sizes
are smaller than the resolution of measurement (150 µm).
gradients at small crystal sizes. Such kinked CSDs are best modelled as a mixture of two crystal
populations, one with a small crystal size and one with a large crystal size (e.g. Higgins, 1996).
Regressions through the different populations give characteristic crystal lengths (LD) of 70–
100 µm for the population of small macrocrysts and 700–1030 µm for the population of large
macrocrysts (where LD = −1/slope; Higgins & Chandrasekharam 2007). Regression lines drawn
through coherent plagioclase populations indicate that while populations of small, high-aspect-
ratio macrocrysts in all three thin sections are similar (broadly similar slopes and intercepts
in log-linear space), populations of large, low-aspect-ratio macrocrysts are different (different
incercepts in log-linear space). Plagioclase content determined from point-counting correlates
with population density of large, low-aspect-ratio plagiocase grains.
Clinopyroxene CSDs are determined moderately accurately, with between 214 and 405 crys-
tals used in calculations (Figure 4.4a–c). In contrast to plagioclase CSDs, clinopyroxene CSDs
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are linear and exhibit no consistent changes in gradient. Linear CSDs suggest that there is a
single population of clinopyroxene present in Skuggafjöll.
Olivine CSDs are more ambiguous than plagioclase and clinopyroxene CSDs (Figure 4.4d–f).
While the CSD for HOR-11-01B is kinked and suggests that there is an excess of large crystals
(Figure 4.4d), CSDs for SKU-11-01B and SKU-11-02A are straight (Figure 4.4e & f). Olivine
CSDs, however, are difficult to determine accurately because of the small number of crystals
available for calculations (111–271). Furthermore, olivine CSDs are truncated at much smaller
crystal sizes than the maximum crystal sizes observed in thin sections, (∼1 mm in contrast with
a maximum crystal size of 4 mm observed in crushed samples). This indicates that the area of
a single thin section is insufficient to represent the full size distribution of olivine macrocrysts.
Both plagioclase and clinopyroxene CSDs cover the full range of macrocryst sizes observed
petrographically. It is therefore unlikely that a population of large clinopyroxenes is obscured
by inadequate sampling.
4.3 Whole-rock and matrix glass compositions
4.3.1 Major element content
Major element compositions of whole-rock samples and matrix glasses are shown in Figures 4.5
and 4.6. Whole-rock data compositions were determined by XRF and matrix glass compositions
by EPMA. Full datasets are provided on a supplementary CD.
Matrix glasses form a tightly clustered group with a mean MgO content of ∼7.4 wt.%. An
average Mg# of 53 is calculated assuming a melt Fe3+/ΣFe ratio of 0.1. Measured values of
Fe3+/ΣFe in Iceland basalts lie between 0.08 (Breddam, 2002) and 0.132 (Óskarsson et al., 1994)
and thus 0.1 represents a good approximate value of Fe3+/ΣFe (Maclennan, 2008a). Matrix
glasses fall within the olivine tholeiite field of silica saturation based on a CIPW norm, and are
amongst the most primitive melt compositions measured from the EVZ (c.f. Hansen & Grönvold
2000; Zellmer et al. 2008; Passmore 2009; Moune et al. 2012; Chapter 3).
The MgO content of whole-rock samples ranges from 6.38 wt.% to 7.84 wt.% and correlates
linearly with other major elements (Figure 4.5). Positive correlations are observed with SiO2,
FeOt and TiO2. Negative correlations are observed with Al2O3 and CaO. Whole-rock composi-
tions do not overlap with the matrix glasses, except in the case of SiO2 (Figure 4.5a). Whole-rock
samples have a higher Mg# content than the matrix glasses (Mg# = 56-61). Whole-rock Mg#
content correlates negatively with MgO (Figure 4.6).
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Figure 4.5: Major element variations within Skuggafjöll whole-rock samples and matrix
glasses. 1σ error bars are shown for all whole-rock samples and 1σ errors for matrix glasses
are shown as a separate error bar.
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Figure 4.6: Variation of Mg# with MgO within Skuggafjöll whole-rock samples and matrix
glasses. Symbols are as in Figure 4.5. Note the striking negative correlation between MgO
and Mg#.
4.3.2 Trace element content
Trace element compositions of whole-rock samples are summarised in Figure 4.7. Full XRF
and ICP-MS datasets are provided on a supplementary CD. All trace element compositions
used in subsequent discussions were measured by XRF, except for REE compositions that were
measured by ICP-MS.
The concentration of trace elements varies significantly between different whole-rock samples
(Figure 4.7), which is reflected in large signal-to-noise ratios (Tables 4.2 & 4.3). Trace element
ratios sensitive to the degree of melt enrichment do not, however, show significant variability at
the 99% confidence level. For example, the range of whole-rock Zr/Y is restricted to between
3.32 and 3.52, which is considerably less than the range recorded in olivine-hosted melt inclusions
from the same samples (2.01 to 5.17; see later). This suggests that any heterogeneity in parental
melts has been thoroughly homogenised by melt mixing before eruption (e.g. Maclennan, 2008a).
In contrast to most trace elements, such as Zr and Nb (Figure 4.7a & b), both Sr and Ni correlate
negatively with Y (Figure 4.7c & d).
Different volcanic systems in Iceland have different geochemical characteristics (Thordar-
son & Larsen, 2007). The average composition of Skuggafjöll whole-rock samples is compared
with other primitive (MgO > 5 wt.%) eruptions from both the EVZ and the sEVZ in Figure
4.8. Relatively low K2O/TiO2 and Zr/Y values confirm the generally depleted nature of the
Skuggafjöll eruption, which falls within the field of tholeiitic EVZ eruptions, rather than alkali
sEVZ eruptions. Specifically, Skuggafjöll falls within the region defined by eruptions in the
Bárðarbunga-Veiðivötn system.
Hyaloclastite samples have similar compositions to pillow lavas, indicating that the magma
source at Skuggafjöll did not change through the transition from effusive to explosive eruption
styles. Extensive hydration of hyaloclastite whole-rock samples, leading to loss-on-ignition (LOI)
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Figure 4.7: Trace element variations within Skuggafjöll whole-rock samples. Symbols are as
in Figure 4.5. Pale grey lines show lines of constant element ratio. 2σ error bars are shown.
values of up to 8.4 wt.%, did not have a significant effect on their trace element chemistry.
The trace element content of matrix glasses determined by SIMS and LA-ICP-MS is pre-
sented on a multi-element diagram alongside melt inclusion data later in this chapter (Figure
4.18). Data are normalised to the depleted MORB mantle (DMM) composition of Workman &
Hart (2005). Although there is some disparity between LA-ICP-MS and SIMS data, they lie
within 1σ of each other (5–10% relative). LA-ICP-MS data are provided on a supplementary
CD.
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Figure 4.8: Plot comparing the composition of Skuggafjöll whole-rock samples with other
eruptions in both the EVZ and sEVZ from a large database of Icelandic magma compositions
(see Appendix B for a list of sources). Skuggafjöll lies within the field defined by tholeiites
from the Bárðarbunga-Veiðivötn system.
4.3.3 Signal-to-noise ratios in whole-rock samples
Signal-to-noise ratios for all elements measured by XRF and ICP-MS were calculated using the
method of Maclennan et al. (2003b). The signal-to-noise ratio (σt/σr) was estimated using
the relationship σ2t = σ20 − σ2r , where σt is the true variation of a dataset, σ0 is the standard
deviation of a dataset and σr is an estimate of the true analytical noise (σR), determined using
repeat analyses of samples. The χ2 distribution was then used to determine whether σt/σr was
statistically significant for each element at a given confidence level. Twelve repeats were used
to estimate σr for XRF analyses, and ten repeats for ICP-MS analyses. Sample variability was
thus determined to be statistically significant at the 99% confidence level if σt/σr > 1.61 for
XRF data, and σt/σr > 1.81 for ICP-MS data.
Signal-to-noise ratios calculated for elements measured by XRF and ICP-MS are shown in
Tables 4.2 & 4.3 respectively. Variabilty in most trace elements and some major elements exceeds
that which can be accounted for by analytical uncertainty alone. Nb, Zr Sr, V and Y have very
high signal-to-noise ratios (10) when analysed by XRF. In contrast, rare earth elements (REEs)
analysed by XRF have signal-to-noise ratios of 1.61 or less. However, REEs have signal-to-noise
ratios in excess of 1.81 when analysed by ICP-MS because of the greater sensitivity of ICP-
MS for these elements. Although the variability in trace element concentrations is significant,
variability in trace element ratios, such as Nb/Zr and Zr/Y, is not (Tables 4.2 & 4.3).
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x¯ σ0 σr σt σt/σr %P
SiO2 (wt.%) 48.68 0.38 0.19 0.33 1.73 0.39
TiO2 1.34 0.17 0.09 0.14 1.70 6.35
Al2O3 17.24 1.64 0.47 1.57 3.30 2.75
FeOt 9.73 1.03 0.37 0.96 2.62 4.78
MnO 0.17 0.02 0.05 - - 28.81
MgO 6.97 0.40 0.05 0.40 8.26 0.69
CaO 12.98 0.43 0.21 0.38 1.81 1.60
Na2O 1.68 0.12 0.02 0.12 6.18 1.17
K2O 0.15 0.02 0.01 0.01 1.12 8.3
P2O5 0.11 0.02 0.01 0.01 1.19 8.71
La (ppm) 2.35 1.00 0.97 0.23 0.23 41.31
Ce 15.67 1.92 0.77 1.76 2.29 4.92
Nd 10.76 1.55 0.65 1.40 2.15 6.06
Nb 7.19 1.01 0.09 1.00 10.97 1.27
Zr 80.26 10.82 0.45 10.81 23.87 0.56
Y 23.44 3.16 0.11 3.16 28.55 0.47
Sr 153.85 4.26 0.18 4.25 24.11 0.11
Rb 3.18 0.54 0.20 0.50 2.50 6.34
Zn 84.70 11.04 0.47 11.03 23.44 0.56
Cu 109.01 13.38 0.50 13.37 26.80 0.46
Ni 86.62 3.81 0.67 3.75 5.61 0.77
Cr 247.06 16.16 3.30 15.82 4.80 1.34
V 286.41 35.72 1.31 35.69 27.22 0.46
Ba 33.65 6.23 1.70 6.00 3.53 5.05
Sc 41.41 4.73 0.65 4.68 7.22 1.57
Zr/Y 3.42 0.05 0.04 0.03 0.85 1.05
Nb/Zr 0.09 0.00 0.00 0.00 1.20 1.67
Table 4.2: Geochemical variability in whole-rock major and trace elements measured by
XRF. Bold indicates where signal-to-noise exceeds the threshold for statistical significance at
the 99% confidence level of 1.61. Italics indicate elements that were analysed with greater
precision by ICP-MS.
x¯, mean of samples; σ0, observed standard deviation from the mean of samples; σr, repeat
standard deviation based on multiple repeat analyses; σt, true standard deviation; σt/σr,
signal-to-noise ratio; %P, 1σ relative precision expressed as a percentage
4.3.4 Element correlations
Cross-correlation matrices provide a way to check the quality and reproducibility of data be-
tween different analytical methods (Passmore et al., 2012). A cross-correlation matrix for most
elements measured in whole-rock samples is provided in Figure 4.9. The majority of trace ele-
ments and minor elements (i.e. TiO2, MnO, K2O and P2O5) correlate very strongly with each
other (r > 0.9), whether analysed by XRF or ICP-MS, indicating good reproducibility between
the two techniques. FeOt also correlates strongly with most elements (r > 0.85), but less so with
MgO and SiO2 (r > 0.75). Na2O and Ba correlate well with each other (r = 0.77), but much
less well with other elements (generally r < 0.5). However, Al2O3, CaO, Sr and Ni behave very
differently from all other elements. Al2O3, CaO and Sr correlate strongly with each other (r >
0.89), but negatively with almost all other elements apart from Ni. Ni behaves similarly to Sr,
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x¯ σ0 σr σt σt/σr %P
La (ppm) 5.38 0.69 0.19 0.66 3.46 3.55
Ce 13.46 1.74 0.5 1.66 3.31 3.74
Pr 2.01 0.26 0.07 0.25 3.50 3.51
Nd 9.79 1.25 0.36 1.20 3.36 3.65
Sm 2.87 0.38 0.12 0.36 3.07 4.08
Eu 1.07 0.12 0.04 0.11 2.66 3.83
Gd 3.61 0.45 0.13 0.43 3.41 3.48
Tb 0.62 0.08 0.02 0.07 3.25 3.67
Dy 3.92 0.49 0.14 0.48 3.52 3.45
Ho 0.80 0.10 0.03 0.09 2.74 4.23
Er 2.31 0.29 0.08 0.28 3.72 3.30
Tm 0.34 0.04 0.01 0.04 3.74 3.25
Yb 2.10 0.26 0.08 0.25 3.14 3.79
Lu 0.31 0.04 0.01 0.04 3.30 3.57
Nb 7.01 0.94 0.22 0.91 4.11 3.16
Zr 77.4 10.58 3.28 10.06 3.07 4.23
Y 22.63 2.85 0.84 2.72 3.23 3.73
Sr 162.80 6.46 6.39 0.93 0.15 3.93
Rb 2.94 0.44 0.30 0.31 1.04 10.22
Cu 114.94 13.31 3.93 12.72 3.24 3.42
Ni 86.11 5.30 4.00 3.48 0.87 4.65
Zn 75.15 8.67 2.52 8.29 3.29 3.36
Cr 246.26 16.98 10.99 12.95 1.18 4.46
V 299.79 39.95 8.12 39.12 4.82 2.71
Ba 33.25 4.83 1.42 4.61 3.24 4.28
Sc 37.72 4.35 1.43 4.10 2.86 3.80
Pb 0.46 0.09 0.05 0.07 1.62 9.80
Th 0.44 0.06 0.01 0.06 4.07 3.24
U 0.13 0.02 0.01 0.02 3.36 3.84
Zr/Y 3.42 0.16 0.15 0.05 0.34 4.43
Nb/Zr 0.09 0.00 0.00 - - 2.88
Table 4.3: Geochemical variability in whole-rock major and trace elements measured by
ICP-MS. Bold indicates where signal-to-noise exceeds the threshold for statistical significance
at the 99% confidence level of 1.61. Italics indicate elements that were analysed with greater
precision by XRF.
x¯, mean of samples; σ0, observed standard deviation from the mean of samples; σr, repeat
standard deviation based on multiple repeat analyses; σt, true standard deviation; σt/σr,
signal-to-noise ratio; %P, 1σ relative precision expressed as a percentage
but with weaker correlations; Ni correlates with Al2O3, CaO and Sr (r ∼ 0.5) and negatively
with most other elements (r ∼ −0.5).
Principal component analysis (e.g. Albarède, 1996; McKenzie & O’Nions, 1998) was per-
formed to assess the extent of correlated variability within the whole-rock samples. Almost all
of the variability is correlated and 99.4% of the variance in the dataset can be explained by
the first principal component alone. The first principal component correlates strongly and posi-
tively with all elements apart from Al2O3, CaO, Sr and Ni (Figure 4.10), with which it correlates
strongly and negatively. It correlates modestly and positively with Na2O and Ba. The second
principal component correlates moderately with Na2O and Ba, but not with any other elements.
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Figure 4.9: Cross-correlation matrix of whole-rock data from Skuggafjöll. Major element
oxide data from XRF. Trace element data are from ICP-MS, unless labelled ‘XRF’. Symbols
are coloured and scaled by the strength of correlation between two elements. Red circles
indicate positive correlations and blue squares negative correlations. r values multiplied by
100 are shown in the centre of symbols. Elements with similar correlation patterns are
grouped together.
89
4. Geochemical variability: Skuggafjöll eruption
−0.6
−0.4
−0.2
0.0
0.2
0.4
0.6
e
PC
Rb Ba Nb U La Ce Nd Sr Zr Hf Sm Eu Gd Dy Zn Cu Y Er Yb Sc V Ni MgO CaO Al2O3
PC1: 99.4%
PC2: 0.3%
PC3: 0.2%
Figure 4.10: Elemental weightings for the first three principal components in whole-rock
data from Skuggafjöll. The first principal component (PC1) dominates sample variability.
4.4 Macrocryst compositions and zonation
4.4.1 Major element content
Macrocryst compositions are summarised in Figure 4.11, where each point represents the mean
of approximately three analyses within a single macrocryst zone. Plagioclase macrocrysts have
compositions in the range An70-An90.5, clinopyroxene macrocrysts have compositions in the
range Mg#72-Mg#84 and olivine macrocrysts have compositions in the range Fo75-Fo87. Kernel
density estimations (KDEs) were calculated for different macrocryst phases using the method
described by Rudge (2008). KDEs for plagioclase and olivine are strongly bimodal, but the
KDE for clinopyroxene is unimodal.
Spatial distributions of macrocryst compositions are shown in QEMSCAN® images of SKU-
12-18 and SKU-12-14A presented in Figures 4.12 and 4.13 respectively. Each pixel in a QEM-
SCAN® image is colour-coded according to its mineralogy. SKU-12-18 (Figure 4.12) has a largely
glassy matrix that is represented by a uniform colour (orange). Part of a large glomerocryst is
present at the left of the image (marked ‘A’). Within this glomerocryst the high-anorthite core
of a large plagioclase macrocryst (dark blue) abuts directly against the high-forsterite core of
a large olivine macrocryst (dark khaki). Similar associations are observed in the centre of the
image where chromite (black) and high-anorthite plagioclase are observed as inclusions within
a high-forsterite olivine (marked ‘B’). High-anorthite and high-forsterite compositions are never
in contact with the groundmass; low-anorthite (pale blue) and low-forsterite (pale khaki) com-
positions rim large macrocrysts and separate macrocryst cores from the groundmass. Small
low-anorthite and low-forsterite content macrocrysts are often associated with clinopyroxene
macrocrysts (green). The gap in plagioclase anorthite content observed in Figure 4.11 manifests
itself as a sharp boundary between dark blue cores and pale blue rims in large macrocrysts.
The relationship between clinopyroxene and other macrocryst phases is more clearly ob-
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Figure 4.11: Summary of macrocryst compositions determined by EPMA. For plagioclase
and olivine, data are divided into populations of large and small macrocrysts shown in dark
and light shading respectively. Large plagioclase macrocrysts are generally >600 µm and
have low aspect ratios of ∼1.5. Small plagioclase macrocrysts are generally <600 µm and
have high aspect ratios of >2. The threshold between large and small olivine macrocrysts,
defined by the presence of forsteritic cores, is at 500 µm. Each data point in the lower part of
each subfigure represents the average of 2–4 analyses in the zone of interest. The upper part
of each figure shows kernel density estimations (KDEs) for each macrocryst population using
the method discussed by Rudge (2008). Bimodality is observed in both plagioclase (a) and
olivine (c) compositions, but not in clinopyroxene (b) compositions. The vertical bars show
represent macrocryst compositions in equilibrium with the average matrix glass composition
calculated using the model of Namur et al. (2011b) for plagioclase, the model of Wood &
Blundy (1997) for clinopyroxene and a constant Kdol-meltFe-Mg of 0.3 for olivine.
served in the image of SKU-12-14A (Figure 4.13). Very small grains of olivine, plagioclase and
clinopyroxene in the groundmass of SKU-12-14A illustrate the sample’s higher crystallinity com-
pared with SKU-12-18. Clinopyroxene is observed in ophitic arrangement with low-anorthite
plagioclase in a small glomerocryst towards the bottom right of the image (marked ‘C’). The
glomerocryst is further surrounded by small low-forsterite olivine grains. Towards the top left
of the image a number of small clinopyroxene grains are observed within the low-anorthite rim
of a plagioclase macrocryst with a small high-anorthite core (marked ‘D’).
High-anorthite contents (An>83) only occur in the cores of large (generally >600 µm), low-
aspect-ratio (length/width ∼ 1.5) plagioclase macrocrysts. Low-anorthite contents (An<79)
occur in the rims of large, low-aspect-ratio plagioclase macrocrysts and throughout small (<600
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Figure 4.12: QEMSCAN® image of SKU-12-18. Both plagioclase and olivine exhibit com-
positional bimodality. High-anorthite and high-forsterite cores of large macrocrysts are shown
in dark blue and dark khaki respectively and define a primitive assemblage (along with mi-
nor chromite). Lower anorthite and forsterite contents are shown in paler shades of blue
and khaki. Alongside clinopyroxene, shown in green, these low-anorthite plagioclase and
low-forsterite olivine defines an evolved assemblage. Clinopyroxene is never in contact with
primitive plagioclase or olivine. The difference in morphology between stubby, large, high-
anorthite plagioclase and elongate, small, low-anorthite plagioclase is particularly clear. This
sample has a glassy groundmass, reflected in a uniform orange colour. White spaces are
vesicles.
µm), high-aspect-ratio (length/width > 2) plagioclase macrocrysts. The average matrix glass
composition is in equilibrium with an anorthite content of An70.8 according to equation 33 of
Namur et al. (2011b), which lies towards to lower end of the range of low-anorthite analyses
(Figure 4.11). High-forsterite contents (Fo>84) only occur in the cores of large (>500 µm)
olivine macrocrysts that are often associated with high-anorthite plagioclase. Low-forsterite
contents (Fo<82) occur in the rims of large olivine macrocrysts and throughout small (<500 µm)
macrocrysts. Assuming Kdol-meltFe-Mg = 0.3 (Roedder & Emslie, 1970), the average matrix glass
composition is in equilibrium with Fo79.2, which is similar to the lowest forsterite contents mea-
sured (Figure 4.11). Clinopyroxene macrocrysts are associated with low-anorthite plagioclase
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Figure 4.13: QEMSCAN® image of SKU-12-14A. The colour scheme is the same as for
Figure 4.12. Small glomerocrysts containing low-anorthite plagioclase and clinopyroxene
in ophitic arrangement are shown in this image. The glomerocryst towards the top left is
bimineralic, whereas that towards the bottom right contains low-forsterite olivine intergrown
with clinopyroxene and low anorthite plagioclase. This sample has a partially crystalline
groundmass, which is reflected in its speckled appearance.
and low-forsterite olivine, and occur around the edges of large glomerocrysts and in small ophitic
glomerocrysts. Using a Kdcpx-meltFe-Mg value calculated from Wood & Blundy (1997), the average
matrix glass composition is in equilibrium with Mg# ∼80.3 clinopyroxene, which lies towards the
lower end of the range of measured clinopyroxene compositions (Figure 4.11). Chromite grains
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occur as inclusions within high-anorthite plagioclase and high-forsterite olivine macrocrysts and
can be classified as Mg-Al-chromites (Cr# ∼ 42–54).
4.4.2 Trace element content
The bimodality of anorthite content in plagioclase macrocrysts is also reflected in their trace
element contents (Figure 4.14a & b). Both TiO2 and FeOt negatively correlate with anorthite
content. High-anorthite plagioclase generally contains ∼0.02±0.01(1σ) wt.% TiO2 whereas low-
anorthite plagioclase contains∼0.04±0.01(1σ) wt.% TiO2 at An79, increasing to∼0.06±0.01(1σ)
wt.% TiO2 at An70 (Figure 4.14a). Additionally, high-anorthite plagioclase has an FeOt content
of ∼0.45±0.13(1σ) wt.% and low anorthite plagioclase has an FeOt content of ∼0.65±0.13(1σ)
wt.% (Figure 4.14b).
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Figure 4.14: Plots summarising plagioclase trace element contents from Skuggafjöll. TiO2
(a) and FeOt (b) were measured by EPMA and are shown with 2σ error bars. Ba (c) and Sr
(d) were measured by SIMS and are shown with 2σ error bars. KDEs are plotted on y-axes
to illustrate compositional bimodality.
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Figure 4.15: Plots summarising the trace element content of clinopyroxene macrocrysts
from Skuggafjöll. TiO2 (a), and Al2O3 and Cr2O3 (b) were measured by EPMA. (a) Anti-
correlation between clinopyroxene Mg# and TiO2 is controlled primarily by fractional crys-
tallisation processes. (b) Correlation of Al2O3 and Cr2O3 in clinopyroxene cores is primarily
controlled by the effects of sector zoning (Nakamura, 1973). (c) REEs were measured by LA-
ICP-MS and are presented normalised to the depleted MORB mantle (DMM) composition
of Workman & Hart (2005). 1σ relative errors for each element are shown along the top of
the plot.
A wider range of trace elements were measured in a few plagioclase macrocrysts by SIMS.
Although insufficient analyses were made to comment on compositional variability within macro-
cryst zones, differences between zones are highlighted (Figure 4.14c & d). For example, low
concentrations of Ba and Sr are found in high-anorthite cores of large plagioclase grains (Ba ∼
2.5 ppm and Sr ∼ 170 ppm respectively), whereas significantly higher concentrations occur in
low-anorthite rims (Ba ∼ 6.5 ppm and Sr ∼ 205 ppm). A single analysis in the low-anorthite
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core of a small macrocryst is indistinguishable from the composition present in rims of large
macrocrysts. Full SIMS data are provided on a supplementary CD.
The TiO2 content of clinopyroxenes correlates well with Mg#, and increases from 0.4 wt.%
at Mg# ∼ 84 to 0.9 wt.% at Mg# ∼ 80 (Figure 4.15a). The Cr2O3 content of clinopyroxenes
is highly variable at a constant Mg# (0.2–0.9 wt.% at Mg# ∼ 82). Cr2O3 and Al2O3 correlate
positively in clinopyroxene cores (Figure 4.15b), indicating that the Cr content of the clinopy-
roxenes is strongly controlled by the uptake of cations during growth of sector zones, and cannot
be simply related to melt compositions (Nakamura, 1973). Prominent sector zonation is visible
in clinopyroxenes when viewed with crossed polars.
DMM-normalised REE contents of clinopyroxene macrocrysts are shown in Figure 4.15c.
REE and Y concentration variations in clinopyroxene macrocrysts are statistically significantly
variable at the 99% confidence level. Furthermore, incompatible trace element ratios between el-
ements that are determined with high precision (1σ relative precision <10%), such as Ce/Yb and
Ce/Y, also show significant variability. Conversion of clinopyroxene trace element compositions
into equilibrium melt compositions is discussed in Chapter 5.
4.5 Olivine-hosted melt inclusion compositions
4.5.1 Major element content
Olivine macrocrysts from Skuggafjöll have compositions in the range Fo79 to Fo87. 105 of the 110
melt inclusions analysed were hosted in high-forsterite macrocrysts with core compositions in
the range Fo84 to Fo87 (Figures 4.11 and 4.16). The skew to high forsterite content may, in part,
be the result of sampling bias during crystal picking: large, high-forsterite macrocrysts were
preferentially selected over small, low-forsterite grains because they are easier to manipulate,
easier to analyse and are more likely to contain visible inclusions. Fo87 olivine from Skuggafjöll
is slightly more primitive than the most primitive olivine from Laki to the southeast (Fo86
(Chapter 3; Passmore et al. 2012)) and is amongst the most primitive olivine from the EVZ (c.f.
Hansen & Grönvold, 2000; Passmore, 2009; Moune et al., 2012).
Melt inclusion compositions range from Mg#50 to Mg#65 (Figure 4.16). The major element
composition of melt inclusions is greatly affected by post-entrapment crystallisation (PEC) pro-
cesses, where continued crystallisation of olivine on melt inclusion walls after entrapment leads
to a drop in melt inclusion Mg# (e.g. Danyushevsky et al., 2000, 2002). This drop is visible in
Figure 4.16 where the Mg# of melt inclusions is lower than that predicted from the forsterite
content of the host olivine using Kdol-meltFe-Mg ∼ 0.31. Although olivine macrocrysts can undergo dif-
fusive re-equilibration with their surroundings after formation (Costa & Morgan, 2010; Thomson
& Maclennan, 2013), using olivine forsterite content as a proxy for the degree of melt inclusion
evolution instead of melt inclusion Mg# avoids complications arising from PEC. The extent
of PEC was estimated using the Petrolog programme of Danyushevsky & Plechov (2011).
Calculations suggest that while some inclusions have experienced up to 5% PEC, most have
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Figure 4.16: Plot of host olivine forsterite content against melt inclusion Mg#. Melt
inclusions are plotted before (triangles) and after (circles) post-entrapment crystallisation
(PEC) corrections were performed using the Petrolog programme of Danyushevsky &
Plechov (2011). The olivine forsterite content in equilibrium with the matrix glass is also
shown as a large square. Kdol-meltFe-Mg ∼ 0.31± 0.03 is shown by the black solid and dashed
lines. The arrow at the right-hand side shows the effect of PEC, expressed as % olivine
crystallisation, on melt inclusions Mg# content.
only experienced ∼2% and PEC corrections are minor.
4.5.2 Trace element content
Two main populations of melt inclusions can be defined on the basis of their trace element and
host olivine composition (Figures 4.17 and 4.18). Melt inclusions hosted in Fo<84 macrocrysts
have high concentrations of moderately incompatible elements (Y > 26 ppm) and possess trace
element ratios most similar to the matrix glass (Ce/Y ∼ 0.63 in Fo<84 inclusions and Ce/Y ∼
0.65 in matrix glasses). Fo<84 inclusions are henceforth referred to as evolved melt inclusions.
Melt inclusions hosted in Fo>84 macrocrysts are referred to as primitive melt inclusions and are
characterised by low concentrations of moderately incompatible elements (Y < 22 ppm). Trace
element concentrations in primitive melt inclusions vary by up to a factor of ∼3.5 (Figure 4.17a),
and Ce/Y ranges from 0.37 to 1.01 (Figure 4.17c). These values lie well within the range known
from elsewhere in Iceland (e.g. Slater et al. 2001; Gurenko & Sobolev 2006; Maclennan 2008a;
Chapter 3).
Although the trace element ratios of primitive melt inclusions are generally more depleted
than the matrix glass (primitive melt inclusion mean Ce/Y ∼ 0.47 versus Ce/Y ∼ 0.65 in matrix
glasses), three primitive melt inclusions are substantially more enriched than both the matrix
glass and other melt inclusions (Ce/Y > 0.65). The highly incompatible element content (e.g.
Nb, Ce) of these inclusions is higher than in other primitive melt inclusions, but the moderately
incompatible element content (e.g. Y) is indistinguishable (Figures 4.17a and 4.18). These melt
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Figure 4.17: Selected pairs of trace elements and trace element ratios measured in melt
inclusions and matrix glasses from Skuggafjöll. Melt inclusions are divided into primitive
(host > Fo84) and evolved (host < Fo84). (c) Note the larger error in Sr/Y than Ce/Y, which
can, in part, account for the spread in the Sr/Y content of melt inclusions away from mixing
lines. Pale grey lines show lines of constant ratio. 2σ error bars are shown.
inclusions are subsequently referred to as highly enriched melt inclusions.
Depleted melt inclusions, with Ce/Y ∼ 0.4, have pronounced positive Sr anomalies (Figure
4.18). During melting of aluminous lherzolite in the spinel and garnet zones, Sr and Ce are
expected to behave similarly incompatibly (McKenzie & O’Nions, 1991). A Sr/Ce value of ∼14
for Icelandic primary melts is estimated using the melt inclusion dataset of Maclennan et al.
(2003b) from the primitive Borgarhraun flow in northern Iceland. Enriched melt inclusions from
Skuggafjöll with Ce/Y ∼ 0.6 do not have positive Sr anomalies (Sr/Ce ≤ 14), whereas depleted
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Figure 4.18: Depleted MORB mantle (DMM; Workman & Hart, 2005) normalised multi-
element diagram for melt inclusions and matrix glasses from Skuggafjöll. Signal-to-noise
ratios for each element in primitive melt inclusions and 2σ errors are shown along the top of
the plot and normalisation values along the bottom. Note the positive Sr anomaly in many
of the primitive melt inclusions and negative Sr anomaly in matrix glasses.
melt inclusions with Ce/Y ∼ 0.4 do (Sr/Ce ∼ 20). Sr anomalies are a common feature in
Icelandic basalts (e.g. Hémond et al., 1993; Gurenko & Chaussidon, 1995; Gurenko & Sobolev,
2006) and will be discussed further in Chapter 6.
4.5.3 Volatile content
Different volatile species show remarkably different amounts of variability in Skuggafjöll melt
inclusions. H2O-CO2 systematics are summarised in Figure 4.19a. CO2 concentration varies by
a factor of ∼7 in primitive melt inclusions with concentrations ranging from 175 ppm to 1202
ppm. Evolved melt inclusions generally have ∼450 ppm CO2, except for one with 782 ppm. The
CO2 concentration in the matrix glass is below the detection limit (<25 ppm). H2O exhibits very
limited variability, with melt inclusions and matrix glasses having H2O contents of 0.39±0.05(1σ)
wt.% and 0.36±0.03(1σ) wt.% respectively. F does not show significant variability, which may
indicate open system behaviour (e.g. Koleszar et al., 2009).
Primitive melt inclusions have a mean F content of 213±35(1σ) ppm, evolved melt inclusions
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Figure 4.19: (a) H2O and CO2 content of melt inclusions and matrix glasses overlaid onto
isobars calculated using VolatileCalc (dark; Newman & Lowenstern, 2002) and SolEx
(light; Witham et al., 2012). 2σ error bar is shown. (b) CO2 content of bubble-absent (circles)
and bubble-present (diamonds) melt inclusions in 11 individual and arbitrarily numbered
olivine macrocrysts. Data points are coloured by Ce/Y. When inclusions have a different
CO2 content, they also have different trace element chemistries (e.g. olivine 7). 2σ error bars
are shown.
a mean F of 309±85(1σ) ppm and matrix glasses a mean F of 404±31(1σ) ppm. Cl concentrations
were at, or below, the detection limit of EPMA, and thus were not reliably measurable. The
detection limit for measuring Cl by EPMA was estimated at ∼220 ppm from counting statistics.
S does not show significant variability. Melt inclusions have a mean S content of 607±94(1σ)
ppm, evolved melt inclusions a mean S of 725±93(1σ) ppm and matrix glasses a mean S of
622±83(1σ) ppm.
4.5.4 Signal-to-noise ratios in olivine-hosted melt inclusions
Signal-to-noise ratios (σt/σr) were calculated following the method outlined above in order to
assess the roles of natural variation and analytical error in generating sample variability. Signal-
to-noise ratios for most PEC-corrected trace elements from Skuggafjöll inclusions are greater
than the threshold for significant variability at the 99% confidence interval. Signal-to-noise
ratios are high for incompatible and abundant elements. For example, Ce has a higher signal-
to-noise ratio than both Nb, which is more incompatible but less abundant, and Y, which is less
incompatible and similarly abundant. Some elements that were analysed with low precision,
such as Sm, have low signal-to-noise ratios and natural variability cannot be detected through
analytical noise. Y was measured with higher precision than Yb and consequently La/Y and
Ce/Y have much higher signal-to-noise ratios than La/Yb and Ce/Yb. Errors and signal-to-noise
ratios for both element concentrations and element ratios are provided in Table 4.4.
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x¯ σ0 σr σt σt/σr %P
EPMA
SiO2 (wt.%) 50.81 0.38 0.24 0.29 1.24 0.47
TiO2 1.27 0.07 0.04 0.06 1.66 3.15
Al2O3 16.18 0.68 0.33 0.59 1.78 2.04
FeOt 7.05 0.73 0.57 0.45 0.79 8.09
MnO 0.16 0.05 0.11 - - 68.75
MgO 7.16 0.60 0.18 0.40 0.88 2.51
CaO 14.62 0.50 0.45 0.48 3.82 3.08
Na2O 2.06 0.10 0.13 0.09 1.86 6.31
K2O 0.12 0.03 0.05 - - 41.67
P2O5 0.10 0.04 0.05 - - 50.00
S (ppm) 607 96.6 155 - - 25.54
SIMS
H2O (wt.%) 0.39 0.05 0.02 0.05 2.10 5.90
CO2 (ppm) 495 219 25 218 8.71 5.05
F 217 51.5 32.6 39.9 1.23 15.02
K 769 178 7.49 178 23.78 0.97
Ti 6605 411 30.2 410 13.58 0.46
Sr 129.5 6.44 0.45 6.42 14.33 0.35
Y 18.6 0.93 0.21 0.90 4.39 1.13
Zr 50.2 7.33 0.72 7.29 10.10 1.43
Nb 3.69 0.93 0.17 0.91 5.33 4.61
Ba 18.9 3.65 0.22 3.64 16.68 1.16
La 3.36 0.73 0.05 0.72 13.40 1.49
Ce 8.78 1.53 0.10 1.53 14.65 1.14
Pr 1.31 0.19 0.04 0.18 5.23 3.05
Nd 7.08 0.96 0.16 0.95 5.93 2.26
Sm 2.27 0.28 0.14 0.24 1.67 6.17
Eu 0.89 0.11 0.02 0.11 6.31 2.25
Gd 3.07 0.34 0.10 0.32 3.08 3.26
Tb 0.51 0.05 0.04 0.04 1.06 7.84
Dy 3.39 0.31 0.25 0.19 0.77 7.37
Ho 0.72 0.06 0.06 0.02 0.31 8.33
Er 2.04 0.19 0.07 0.17 2.30 3.43
Tm 0.30 0.03 0.02 0.02 0.97 6.67
Yb 1.90 0.12 0.12 0.04 0.33 6.32
Lu 0.25 0.03 0.02 0.02 1.18 8.00
Ce/Y 0.47 0.08 0.01 0.08 7.47 2.13
Zr/Y 2.70 0.37 0.05 0.37 7.29 1.85
Table 4.4: Geochemical variability in olivine-hosted melt inclusion major elements, trace
elements and volatiles measured by EPMA and SIMS. Bold indicates where signal-to-noise
exceeds the threshold for statistical significance at the 99% confidence level of 2.83 for ele-
ments measured by SIMS.
x¯, mean of samples; σ0, observed standard deviation from the mean of samples; σr, repeat
standard deviation based on multiple repeat analyses; σt, true standard deviation; σt/σr,
signal-to-noise ratio; %P, 1σ relative precision expressed as a percentage
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Figure 4.20: Cross-correlation matrix of selected elements in primitive melt inclusions from
Skuggafjöll. Symbols are coloured and scaled by the strength of correlation between two
elements. Red circles indicate positive correlations and blue squares negative correlations.
r values multiplied by 100 are shown in the centre of symbols. Pale lines highlight CO2.
Note the strong correlations between highly incompatible elements, apart from Sr, and the
negative correlation of CO2 with highly incompatible trace elements. Elements with similar
correlation patterns are grouped together.
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4.5.5 Element correlations
Correlation matrices provide a way of visualising and summarising the covariance structure in
large datasets, such as multi-element melt inclusion data. Figure 4.20 shows a cross-correlation
matrix for key major elements, trace elements and volatiles in primitive melt inclusions from
Skuggafjöll. Elements analysed with low precision (e.g. F and Sm), or that are strongly af-
fected by PEC or diffusive alteration (e.g. MgO, FeO and H2O), are excluded to prevent the
identification of correlations that are not related to primary magmatic processes. Elements that
are highly incompatible during mantle melting (e.g. Ba, Nb, Ce, Zr), correlate very strongly
with each other (r > 0.9). Incompatible elements measured by SIMS also correlate (r > 0.6)
with incompatible elements measured by EPMA (e.g. TiO2, K2O, P2O5). However, highly
incompatible elements do not correlate with elements that are less incompatible during mantle
melting (e.g. Y, Yb).
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Figure 4.21: (a) Plot of CO2 against Nb in melt inclusions shaded by Ce/Y. Primitive melt
inclusions are shown as circles and evolved melt inclusions as diamonds. Average CO2/Nb
ratios for Siqueiros (Saal et al., 2002) and Borgarhraun (Hauri et al., 2002a) are shown as
dashed green and solid blue lines respectively. A negative correlation between Nb and CO2
is observed in the main body of low Nb (<5 ppm) inclusions, which is demonstrated by
the iterative re-weighted least squares regression shown by the dark dotted line. High CO2
inclusions also have low Ce/Y. (b) Plot of CO2/Nb against host forsterite content shaded by
Ce/Y of melt inclusions. Primitive melt inclusions have a large range of CO2/Nb. Low Ce/Y,
depleted inclusions reach high values of ∼400, indicating that they have lost little CO2 by
degassing. High Ce/Y, enriched and evolved inclusions have lower CO2/Nb indicating that
they have lost significant quantities of CO2.
Sr does not correlate with Ce and Zr, but does correlate weakly with Y. Perhaps the most
striking feature of the covariance structure in Figure 4.20 is that CO2 displays a consistent,
modest, negative correlation with incompatible elements such as Nb and Ce (r ∼ −0.4) and very
weak positive correlation with CaO, Al2O3 and Sr. This negative correlation between CO2 and
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Nb (Figure 4.21a) stands in contrast to the positive correlations measured in undegassed melt
inclusions from the Siqueiros fracture zone on the East Pacific Rise (Saal et al., 2002) and that
calculated for undegassed Mid-Atlantic Ridge basalts (Cartigny et al., 2008). Other datasets
record large variations of CO2 with no change in Nb (Shaw et al., 2010), or show no robust
correlations between the two species (Dixon & Clague, 2001; Dixon et al., 2008; Workman et al.,
2006; Koleszar et al., 2009; Helo et al., 2011).
Principal component analysis (PCA) reduces the number of variables required to describe a
complex, multivariate dataset and enables the importance of different components of correlated
variability to be assessed. The first principal component axis (PC1) calculated for primitive melt
inclusion data from Skuggafjöll accounts for 84% of the variance in the dataset (Figure 4.22).
PC1 correlates strongly and positively with highly incompatible trace elements, weakly and
positively with moderately incompatible trace elements (including Sr) and moderately negatively
with CO2. The second principal component axis (PC2) accounts for 8% of the variance in the
dataset and correlates with Sr and moderately incompatible elements.
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Figure 4.22: Elemental weightings for the first three principal components in olivine-hosted
melt inclusion data from Skuggafjöll. The first principal component (PC1) dominates sample
variability and highlights a negative correlation between CO2 and incompatible elements.
4.6 Plagioclase-hosted melt inclusion compositions
The trace element content of 17 plagioclase-hosted melt inclusions is summarised on a DMM-
normalised multi-element diagram (Figure 4.18). Melt inclusions are hosted in high-anorthite
plagioclase macrocryst cores with compositions in the range An86-An89 and preserve primitive
compositions (Mg# ∼ 64±2). Although the CaO, Na2O, Al2O3 and SiO2 contents of plagio-
clase hosted melt inclusions are affected by post-entrapment crystallisation processes (Nielsen,
2011), inclusion MgO and FeOt contents should be relatively unaffected because of the low
concentration of MgO and FeOt in plagioclase.
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Trace element compositions are plotted alongside DMM-normalised compositions of 110
olivine-hosted melt inclusions from the same samples on Figure 4.18. Some highly incompatible
elements in plagioclase-hosted melt inclusions, such as Ce and Ba, have signal-to-noise ratios
that exceed the threshold for significant variability at the 99% confidence level (σt/σr > 1.19).
Plagioclase-hosted melt inclusions are therefore likely to sample a distribution of melt composi-
tions. Nevertheless, both olivine-hosted and plagioclase-hosted melt inclusion suites have similar
mean compositions. Correspondence between mean compositions from the two datasets is best
for elements measured with high precision, such as La, Ce, Sr and Y. Trace element ratios, such
as Ce/Y, are also indistinguishable within the limits of analytical precision: mean Ce/Yol-hosted
= 0.47±0.010(1σ) and mean Ce/Yplg-hosted = 0.48±0.012(1σ).
4.7 Summary
Statistically robust geochemical variation is present at all scales within the Skuggafjöll eruption.
Both major and trace elements in whole-rock samples correlate very strongly with each other.
Whilst trace element concentrations vary greatly between samples, trace element ratios are re-
markably consistent throughout the eruption. This uniformity in trace element ratios suggests
that the Skuggafjöll magma was well mixed prior to eruption, and that the geochemical vari-
ability in whole-rock samples is not inherited from primary melt heterogeneity. Variability in
the macrocryst content of whole-rock samples revealed by point-counting and crystal size distri-
butions suggest that macrocrysts play a crucial role in controlling bulk magma composition at
Skuggafjöll. Both the causes of geochemical variability within the Skuggafjöll eruption and the
nature of relationships between macrorysts and their carrier melt are discussed in Chapter 5.
The Skuggafjöll magma is three-phase phyric throughout; olivine, plagioclase and clinopyrox-
ene occur as macrocryst phases. The magma did not evolve to the point of Fe-Ti oxide saturation
prior to eruption. Olivine and plagioclase macrocrysts have bimodal composition distributions:
cores of large olivine and plagioclase macrocrysts have high-forsterite (∼Fo86) and high-anorthite
(∼An88) contents, whereas small macrocrysts and rims of large macrocrysts have lower forsterite
(∼Fo79) and lower anorthite contents (∼An75). Core-rim zonation in olivine and plagioclase is
prominently visible in QEMSCAN® images of Skuggafjöll samples, and is also reflected in the
trace element content of plagioclase macrocrysts. In contrast, clinopyroxene macrocrysts have a
unimodal composition distributions centred on Mg# ∼ 82. Nevertheless, statistically significant
variability is recorded in the trace element content of clinopyroxene macrocrysts. Relationships
between different macrocryst phases and different zones within these macrocrysts are discussed
in Chapter 5 using information from mineral-melt equilibria, trace element contents and textural
observations.
Geochemical variability is also observed within a large population of olivine-hosted melt
inclusions from the eruption. Highly incompatible elements correlate strongly with each other,
but correlate less well with moderately incompatible elements. In contrast with whole-rock
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samples, variability is also recorded in trace element ratios, such as Zr/Y and Ce/Y. While the
majority of measured melt inclusions are hosted within primitive, Fo>84 olivine macrocrysts,
a few melt inclusions hosted in more evolved, Fo<84 olivine were also measured. The trace
element content of evolved melt inclusions is most similar to that of the matrix glass. The CO2
content of melt inclusions varies significantly between melt inclusions, and perhaps unexpectedly,
correlates negatively with both the incompatible trace element content and degree of trace
element enrichment. Causes of trace element variability and the negative correlation between
CO2 and trace elements are explored in Chapter 6.
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Chapter 5
Crystal storage and transfer in
basaltic systems: the Skuggafjöll
eruption
5.1 Introduction
Magma mixing and crystal mush disaggregation are fundamental processes in basaltic magma
reservoirs. Understanding the storage and transfer of crystals in magmas is important for a
number of reasons. Short timescales between disaggregation and eruption suggest that eruption
triggering and mush disaggregation may be closely linked (e.g. Costa et al., 2010). Disaggre-
gated crystals and nodules contain important information about the depths and conditions of
magma storage and enable plutonic processes to be investigated in regions of active volcanism.
Petrological estimates of magma storage depth assist in the interpretation of geophysical signals
of unrest (e.g. Keiding & Sigmarsson, 2012) and determine mechanisms of crustal accretion (e.g.
Maclennan et al., 2001b).
Models of highly phyric basalt genesis that involve floatation of low density plagioclase to
achieve both high crystal contents and high plagioclase proportions (e.g. Flower, 1980; Cullen
et al., 1989; Hellevang & Pedersen, 2008) have recently been challenged by Lange et al. (2013b),
who argue that plagioclase ultraphyric basalts (PUBs) are instead generated by interactions
between magmas and primitive cumulates or mushes that formed in earlier phases of crystalli-
sation. A number of recent studies suggest that crystals in phyric basalts may be sourced from
disaggregated crystal mushes (e.g. Costa et al., 2010; Salaün et al., 2010; Passmore et al., 2012).
Sr-isotopic disequilibrium between high-anorthite plagioclase macrocrysts and their carrier melts
further supports models of highly phyric basalt genesis by disaggregation of geochemically dis-
tinct mushes formed during prior intrusion events (Halldórsson et al., 2008; Lange et al., 2013a).
Records of geochemical variability in the Skuggafjöll magma are presented and statistically
validated in Chapter 4. Significant compositional variability is present at a wide range of scales:
107
5. Crystal storage and transfer: Skuggafjöll eruption
between whole-rock samples collected across the edifice; between macrocrysts within whole-rock
samples; and between melt inclusions hosted within these macrocrysts. Causes of geochemical
variability within the Skuggafjöll eruption are investigated in this chapter. Relationships be-
tween different components of erupted magma are also outlined using a range of petrographic,
geochemical, microanalytical and textural data, including QEMSCAN® images. The primary
finding is that whole-rock compositional variability in the Skuggafjöll eruption is controlled by
variable accumulation of a troctolitic assemblage containing primitive macrocrysts. This as-
semblage contains high-anorthite plagioclase and high-forsterite olivine that are far from being
in equilibrium with their carrier melt, and present in strongly non-cotectic proportions. These
non-cotectic proportions are probably imposed by entrainment of primitive macrocrysts from
mineralogically-zoned mushes. An evolved and gabbroic assemblage – containing lower anorthite
plagioclase, lower forsterite olivine and clinopyroxene – that crystallised from the carrier liquid
following mush disaggregation also occurs alongside the primitive assemblage. An improved
understanding of mush entrainment, which is intimately linked to magma recharge and eruption
processes, helps us to understand magma reservoir dynamics and the generation of highly phyric
basalts, both in Iceland and in basaltic systems more generally.
5.2 Causes of geochemical variability in whole-rock samples from
the Skuggafjöll eruption
Whole-rock samples are mixtures of quenched melt and macrocrysts. Consequently, whole-rock
compositions are controlled by processes that affect the crystal content of magma, such as crustal
assimilation or crystal settling, as well as those that affect melt compositions, such as fractional
crystallisation, crystal dissolution or melt mixing.
Vectors showing 10% crystallisation of a gabbroic assemblage containing plg:cpx:ol in the
ratio 55:35:10 are shown in Figures 5.1, 5.2 and 5.3 as grey dotted lines. For elements that were
not measured by EPMA, LA-ICP-MS or SIMS, macrocryst compositions were estimated from
the mean whole-rock composition using appropriate partition coefficients. Partition coefficients
were calculated at 1190°C and 0.5 kbar using the following models: Blundy & Wood (1991),
Bindeman & Davis (2000) and Bédard (2006) for plagioclase; Wood & Blundy (1997) and Hill
et al. (2010) for clinopyroxene; and Bédard (2005) for olivine. A temperature of 1190°C was
selected using the iterative application of clinopyroxene-melt thermometers of Putirka (2008b)
as presented in Chapter 3. A pressure of 0.5 kbar was selected using entrapment pressures of
olivine-hosted melt inclusions from the same samples (Chapter 6). High crystallisation pressures
of ∼4 kbar calculated for the Skuggafjöll using clinopyroxene-melt barometers are not considered
reliable, and are discarded in favour of melt inclusion entrapment pressure estimates. The reason
for inconsistencies between estimates of crystallisation depth is unclear, but probably relates to
incomplete calibration of clinopyroxene-melt equilibrium at shallow-to-mid crustal pressures.
Reverse fractional crystallisation paths calculated using the method outlined in Chapter 3
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Figure 5.1: Major element variations within Skuggafjöll whole-rock samples and matrix
glasses. 1σ error bars are shown for all whole-rock samples and 1σ errors for matrix glasses
are shown as a separate error bar. Lines radiating from the average matrix glass composition
show the effects of accumulating various macrocryst phases, as well as forward and reverse
fractional crystallisation trends. These data have been presented previously in Figure 4.5.
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Figure 5.2: Variation of Mg# with MgO within Skuggafjöll whole-rock samples and matrix
glasses. As per Figure 5.1, lines radiating from the average matrix glass composition show the
effects of accumulating various macrocryst phases, as well as forward and reverse fractional
crystallisation trends. ∼13% fractional crystallisation is required to move from A to A’. These
data have been presented previously in Figure 4.6.
are shown in Figures 5.1 and 5.2 as black dotted lines. Crystallisation paths were calculated by
adding measured macrocryst compositions to the average matrix glass composition in propor-
tions calculated using the Olivine-Plagioclase-Augite-Melt (OPAM) boundary parametrisation
of Yang et al. (1996). Equilibrium macrocryst compositions were filtered using the model of
Namur et al. (2011b) for plagioclase, the model of Wood & Blundy (1997) for clinopyroxene and
Kdol-meltFe-Mg = 0.3 for olivine (Roedder & Emslie, 1970). In Figures 5.1 and 5.2, both forward and
reverse fractional crystallisation paths lie at high angles to arrays of whole-rock data. In partic-
ular, the negative correlation of Mg# with MgO in whole-rock samples cannot be explained by
fractional crystallisation involving the removal of ferromagnesian phases. Whole-rock variability
in Skuggafjöll must be accounted for by processes other than fractional crystallisation.
Strong linear correlations between major elements and trace elements can, however, be ac-
counted for by the addition or removal of macrocrysts in non-cotectic proportions. Vectors
showing 10% bulk addition of average macrocryst core compositions to the mean whole-rock
composition are shown in Figures 5.1, 5.2 and 5.3. Addition or removal of any macrocryst phase
can account for the variability in elements that are incompatible in all minerals present, such as
Nb, Zr and Y (Figures 5.3a & b).
Negative correlations between Al2O3 and MgO (Figure 5.1d & e) can be explained by the
addition or removal of plagioclase because it has much a higher Al2O3 content than either the
matrix glass or the other macrocryst phases. Sr can be used to corroborate the importance of
plagioclase in controlling whole-rock geochemistry because plagioclase is the only macrocryst
phase present in which Sr is compatible (Dplg-meltSr ∼ 1.31 (Blundy & Wood, 1991); Dcpx-meltSr ∼
0.13 (Hart & Dunn, 1993); and Dol-meltSr ∼ 0.004 (Bédard, 2005)). Negative correlations between
Sr and most other trace elements, including Y (Figure 5.3c), can be explained by the addition or
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Figure 5.3: Trace element variations within Skuggafjöll whole-rock samples. Symbols and
lines are as in Figure 5.1. Lines radiating from the average matrix glass composition show
the effects of accumulating various macrocryst phases. Solid grey lines show lines of constant
element ratio. These data have been presented previously in Figure 4.7.
removal of Sr-rich plagioclase (170–210 ppm) and cannot be generated by adding or removing any
combination of clinopyroxene or olivine. However, compositional variability observed in whole-
rock samples cannot be fully accounted for by changing plagioclase content alone. For example,
neither plagioclase accumulation nor plagioclase removal can explain the negative correlation
between MgO and Mg# (Figure 5.2). Plagioclase is also unable to account for the weak negative
correlation between Ni and most elements (e.g. Figure 5.3d). However, Ni is highly compatible
in olivine (Dol-meltNi = 20.8 between Fo79 olivine and the matrix glass at 1190°C (Matzen et al.,
2013)), such that the addition or removal of small amounts of olivine can dramatically change
the Ni content of whole-rock samples (Figure 5.3d).
In addition to the inter-elemental correlations discussed above, correlations are also observed
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between the compositions and macrocryst mass fractions of whole-rock samples (Figure 5.4). Zr
is incompatible in all macrocryst phases (Dplg-meltZr ∼ 0.002 (Bédard, 2006); Dcpx-meltZr ∼ 0.12
(Hart & Dunn, 1993); Dol-meltZr ∼ 0.02 (Bédard, 2005)), and correlates well with macrocryst mass
fraction (r = −0.780; Figure 5.4a). Linear regression of the data predicts a Zr content of ∼0
ppm at a macrocryst mass fraction of 1, as expected from the low Zr content of macrocrysts.
Positive correlations between both Sr and Ni and macrocryst mass fraction, (r = 0.708 and r =
0.385 respectively), are consistent with whole-rock geochemical variability being controlled by
the accumulation of Sr-rich plagioclase and Ni-rich olivine (Figure 5.4b, d).
The role of clinopyroxene accumulation in controlling whole-rock compositions was assessed
by considering the behaviour of Cr that partitions strongly into clinopyroxene, but not into
plagioclase or olivine: Cr is highly incompatible in plagioclase (Dplg-meltCr ∼ 0.05; Bédard 2006)
and neither strongly incompatible nor compatible in olivine (Dol-meltCr ∼ 1.05; Bédard 2005), but is
highly compatible in clinopyroxene. Although Dcpx-meltCr is strongly pressure dependent (Nimis &
Taylor, 2000), Dcpx-meltCr values of 12.7 measured between clinopyroxene cores and the matrix glass
nevertheless indicate that clinopyroxene macrocrysts in Skuggafjöll are substantially enriched in
Cr with respect to their carrier liquid. Chromite grains found as rare inclusions within forsteritc
olivines and anorthitic plagioclases are also very rich in Cr (32–40 wt.% Cr2O3), and may thus
affect whole-rock Cr content. However, chromite grains only occur as rare inclusions in olivine
or plagioclase macrocrysts, and make up 0.1 % of sample mass. Consequently, chromite can
have little effect on whole-rock compositions.
Cr correlates negatively with macrocryst mass fraction (r = −0.502). Linear regression
predicts a Cr content of ∼170 ppm at a macrocryst mass fraction of 1, which is substantially
less than the ∼278 ppm predicted at a macrocryst mass fraction of 0 (Figure 5.4c). If whole-
rock compositions were strongly affected by clinopyroxene (or chromite) addition, whole-rock
Cr content would increase with macrocryst mass fraction. It is thus possible to conclude that
neither clinopyroxene nor chromite play significant roles in controlling whole-rock geochemical
variability. Results of regressions of all elements against macrocryst mass fraction, as well as
against the mass fraction of each macrocryst phase individually, are provided in Appendix D.
Regression lines on Figure 5.4 define mixing trajectories between a melt composition given by
the intercept at a macrocryst mass fraction of 0, and a solid assemblage given by the composition
at a macrocryst mass fraction of 1. Vectors showing the accumulation of both a gabbroic
assemblage and an assemblage containing the mean proportion macrocrysts are shown in Figure
5.4 as dashed and dotted lines respectively. The gabbroic assemblage contains plg:cpx:ol in the
ratio 55:35:10 and the mean macrocryst assemblage contains the same phases in the ratio 74:17:9
(as determined by point-counting). Although accumulation of either assemblage can explain the
relationship between the mass fraction of macrocrysts and whole-rock Zr content (Figure 5.4a),
neither can account for the variation in whole-rock Sr or Ni contents (Figure 5.4b & d). Whole-
rock Sr contents are underestimated by the accumulation of these assemblages, indicating that
the assemblage controlling whole-rock variability must contain greater than 0.74 plagioclase.
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Figure 5.4: Plots showing the relationship between mass fraction macrocrysts and the con-
centration of various trace elements in Skuggafjöll whole-rock samples. 1σ errors are shown
and are of similar magnitude to the symbols. The black line shows the results of linear regres-
sion taking account of errors (York, 1969), with the 1σ error envelope for the linear regression
shown by the grey field. The correlation coefficient is shown in the bottom corner of each plot.
The dashed red line shows the effect of adding a gabbroic assemblage into a melt composition
taken as the intercept from regression of the data. The dotted green line shows the effect
of adding the mean proportion of macrocrysts determined by point-counting. Elements were
chosen on account of their compatibilities: (a) Zr is incompatible in all macrocryst phases;
(b) Sr is compatible in plagioclase; (c) Cr is compatible in clinopyroxene (and chromite); (d)
Ni is compatible in olivine.
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5.3 Determining phase proportions of accumulated macrocrysts
Both the major and trace element contents of whole-rock samples indicate that the accumulated
assemblage must be rich in plagioclase, contain some olivine, but little or no clinopyroxene.
Two independent methods of estimating accumulated phase proportions were employed in this
study: least-squares fitting of the principal components of whole-rock data; and calculations
using point-counting data.
Least-squares fitting of liquid lines of descent between primitive and evolved end-members
is an established technique for determining the proportions of crystallising phases in magmatic
systems (Wright & Doherty, 1970). In order to avoid the need to specify end-members a priori,
Maclennan et al. (2001b) developed an analogous method whereby phase proportions are fitted
to principal component axes of major element data. In this case, the first principal component
axis corresponds to the liquid line of descent. This method is readily adaptable to studies of
crystal accumulation, where one or more of the principal component axes may represent the
addition or removal of a different assemblage. Least-squares fits to principal components were
calculated using the average core compositions of plagioclase, olivine and clinopyroxene measured
by EPMA. Fitting results did not vary significantly if macrocryst rim compositions were used
instead of core compositions. While this may appear surprising, this is probably because the
fitting is not sensitise enough to changes in mineral chemistry on the order of 1–2 wt.%.
The first principal component accounts for 99.4% of the total variance in whole-rock SiO2,
Al2O3, FeOt, MgO and CaO, and can be accounted for by addition or removal of an assemblage
containing 89.3% plagioclase, 0.9% clinopyroxene and 9.8% olivine. The RMS error of the
least-squares fit is small (0.09), indicating that the phase proportions are well defined. The
second principal component, which accounts for 0.4% of the total variance, can be accounted for
by addition or removal of a broadly gabbroic assemblage containing 39.8% plagioclase, 52.3%
clinopyroxene and 7.9% olivine with a small RMS error (0.09). These fits confirm that whole-rock
variability is predominantly controlled by the accumulation of variable amounts of a troctolitic
assemblage dominated by plagioclase and containing minor olivine in an approximate ratio
∼9:1 plg:ol. Clinopyroxene does not play a significant role in controlling whole-rock variability.
Indeed, the identification of trace clinopyroxene in the assemblage controlling variation along
the first principal component may be an artefact of the least-squares fitting procedure.
Phase proportions of accumulated macrocrysts were also estimated using point-counting
data. All samples contain plagioclase, clinopyroxene and olivine, but in proportions different
from the low pressure gabbro cotectic (plg:cpx:ol in the approximate ratio 55:30:15). Least-
squares fits to the principal components of whole-rock major element data indicate that clinopy-
roxene does not play a major role in controlling the variability of whole-rock samples. Neverthe-
less, clinopyroxene is present as a macrocryst phase and must be accounted for in any complete
petrogenetic model for Skuggafjöll. If clinopyroxene is assumed to have grown during three-
phase eutectic crystallisation alongside plagioclase and olivine, then it is possible to distinguish
eutectic plagioclase and olivine from accumulated plagioclase and olivine sourced elsewhere.
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A number of geochemical and textural observations support this assumption, and will be dis-
cussed later. The amounts of plagioclase and olivine in a three-phase eutectic assemblage from
each sample were calculated from the amount of clinopyroxene, assuming a plg:cpx:ol ratio of
55:35:10. Amounts of accumulated plagioclase and olivine were hence calculated by subtracting
the eutectic gabbro assemblage from the total macrocryst content of each sample. Clinopyroxene
and olivine proportions are subject to large errors (1σ relative errors of 17.7% and 23.0% respec-
tively), and thus the calculated proportions of cumulate macrocrysts will themselves be subject
to significant uncertainties. Nevertheless, by averaging the proportions of plagioclase and olivine
over all samples, it is possible to estimate the likely proportion of accumulated macrocrysts.
On average, samples contain 23.7% plagioclase, 4.7% clinopyroxene and 2.5% olivine by mass,
giving a total macrocryst content of 30.9%. Overall, 13.4%±5.8%(1σ) of the total macrocryst
content can be accounted for by crystallisation of a three-phase eutectic assemblage, leaving
a primitive macrocryst content of 17.4%±10.1%(1σ). This residual assemblage, assumed to
represent accumulated macrocrysts, contains on average 93.7% plagioclase and 6.3% olivine.
The calculated proportion of plagioclase in the accumulated material varies from 44% to 100%,
though the majority of values lie around ∼90%. It is unclear from these data alone, however,
whether this variability is geologically significant or the result of errors in point-counting.
Evaluating the degree of flexibility in the ∼9:1 plg:ol ratio of accumulated macrocrysts is
nevertheless important because it places constraints on petrogenetic processes in the Skuggafjöll
magma. Greater flexibility in the ratio of accumulated macrocrysts in turn affords greater range
of feasible petrogenetic scenarios. The scatter observed on element variation diagrams, even for
elements that were measured with high precision such as MgO and Al2O3 (Figure 5.1c), suggests
that different samples have accumulated plagioclase and olivine in slightly different proportions.
The full suite of whole-rock data can be accounted for by the accumulation of plagioclase and
olivine in ratios between 1:0 plg:ol and 8:1 plg:ol (Figure 5.5). While these accumulation vectors
suggest that some samples experienced accumulation of pure anorthosite, they also indicate that
all samples have experienced accumulation of plagioclase-dominated assemblage; no samples
have accumulated olivine-rich material. Different samples and hence different portions of the
eruption may thus have accumulated material in ratios that differ slightly from the ∼9:1 ratio
indicated by least-squares fitting. However, no samples show evidence for accumulation of
macrocrysts in cotectic proportions.
The macrocryst content associated with three-phase eutectic crystallisation varies less than
that associated with troctolite accumulation, suggesting that all samples have experienced sim-
ilar extents of eutectic crystallisation, which is evidenced by similar clinopyroxene abundances
in different samples. On average, ∼13% of whole-rock sample mass is composed of gabbro
eutectic macrocrysts, which is consistent with the extent of fractional crystallisation required
to link matrix glasses with poorly phyric whole-rock samples using fractional crystallisation
models (Figure 5.2). Variable accumulation of a troctolitic assemblage is able to explain the
compositional variability observed in whole-rock samples. Both whole-rock geochemistry and
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point-counting systematics therefore suggest that two stages of macrocryst crystallisation are
recorded by the Skuggafjöll magma: a first stage of plagioclase and olivine crystallisation along
the ol-plg cotectic, followed by a second stage of plagioclase, olivine and clinopyroxene crys-
tallisation at the three-phase gabbro eutectic. Microanalytical and textural records of two-stage
crystallisation of the Skuggafjöll magma will now be discussed, both to validate the assump-
tions made during the calculation of accumulated macrocryst proportions and to uncover the
processes driving multi-stage petrogenesis.
5.4 Records of two-stage crystallisation in the Skuggafjöll magma
Combined whole-rock and point-counting systematics in Skuggafjöll lavas can be accounted for
by growth of macrocrysts in two distinct stages. Evidence for this two-stage crystallisation
history is discussed below by considering how both different macrocryst phases and different
macrocryst zones (i.e. cores and rims), relate to one another. Discrete primitive and evolved
macrocryst assemblages are defined using combined compositional and textural information
from QEMSCAN® images. Trace element contents of olivine-hosted and plagioclase-hosted melt
inclusions and clinopyroxene macrocrysts are then used to demonstrate that these primitive and
evolved macrocryst assemblages grew from geochemically distinct suites of melts. Finally, CSDs
are used to confirm that only plagioclase and olivine macrocrysts from the primitive assemblage
show textural evidence for accumulation.
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5.4.1 Identification of macrocryst assemblages in QEMSCAN® images
By understanding the spatial distribution of compositions within and between crystals it is possi-
ble to determine which macrocryst phases, and also which macrocryst zones, were in equilibrium
at different stages of petrogenesis. The combination of compositional and textural information
in QEMSCAN® images (Figures 4.12 and 4.13) enables two macrocryst assemblages to be de-
fined. The two samples selected for QEMSCAN® imaging (SKU-12-18 and SKU-12-14A) have
glassy or finely crystalline groundmasses, and are therefore unaffected by post-eruptive crystalli-
sation overprints. They are not texturally anomalous in other respects. High-forsterite olivine
and high-anorthite plagioclase, along with minor chromite, define a primitive assemblage. Low-
forsterite olivine, low-anorthite plagioclase and clinopyroxene define an evolved assemblage. The
troctolitic mineralogy of the primitive assemblage corresponds to the accumulated macrocrysts
identified in the previous section. The gabbroic mineralogy of the evolved assemblage is con-
sistent with crystallisation in the second of two discrete stages following variable accumulation
of the primitive assemblage. Primitive macrocrysts are far from being in equilibrium with the
matrix glass and are separated from the evolved assemblage by a gap in crystal compositions
(Figure 4.11). The evolved assemblage is close to being in equilibrium with the matrix glass and
has almost certainly crystallised from it. By considering the trace element content of melts from
which macrocrysts crystallised, it is possible to determine whether the gap between primitive
and evolved assemblages (Figures 4.11 and 4.14) corresponds only to a change in the degree of
melt evolution, or is also related to a shift in the parental melt chemistry caused by mixing.
5.4.2 Melt inclusions in primitive macrocrysts
It is well established that melt inclusions hosted in primitive macrocrysts can preserve a record of
primary melt variability. Primitive melt variability has been reported in melt inclusions hosted in
forsteritic olivine (Sobolev & Shimizu, 1993; Gurenko & Chaussidon, 1995; Kamenetsky et al.,
1998; Sobolev et al., 2000; Maclennan et al., 2003a; Laubier et al., 2007; Maclennan, 2008a)
and anorthitic plagioclase (Sinton et al., 1993; Nielsen et al., 1995; Sours-Page et al., 1999;
Adams et al., 2011). Both olivine-hosted and plagioclase-hosted melt inclusions are present
at Skuggafjöll and their trace element compositions are shown in Figure 4.18. Statistically
significant variability is observed in both melt inclusion suites for trace element ratios that
are only fractionated significantly during mantle melting. For example, signal-to-noise ratios
for Ce/Y measured in olivine-hosted and plagioclase-hosted melt inclusions are 3.71 and 1.54
respectively, and are above the threshold for significant variability at the 99% confidence level in
their respective sample sets. The mean composition of melt inclusions hosted in both phases is
similar (Ce/Yol-hosted = 0.47±0.010(1σ) and Ce/Yplg-hosted = 0.48±0.012(1σ)), indicating that
high-forsterite olivine and high-anorthite plagioclase almost certainly crystallised from the same
suite of primitive melts. This co-crystallisation of olivine and plagioclase without clinopyroxene
probably occurred along the low pressure (<8 kbar) ol-plg cotectic (e.g. Grove et al., 1992).
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Major element compositions of melt inclusions provide further confirmation that ∼An88
plagioclase and ∼Fo86 olivine crystallised from the same suite of melts. Although the Mg#
olivine-hosted melt inclusions are strongly affected by post-entrapment modification (e.g. Danyu-
shevsky et al., 2002), the Ca/Na content (expressed throughout as an atomic ratio), should be
little affected (Chapter 3). The mean Ca/Na of primitive olivine-hosted melt inclusions is
3.92±0.21(1σ). Low Ca/Na values of <3.5 in melt inclusions hosted in Fo86 olivine from Laki
indicate that these inclusions are unlikely to have been in equilibrium with An84-An89 macro-
cryst cores from the same samples (Chapter 3). However, Ca/Na values of ∼4 at Skuggafjöll are
more comparable with values of 4–4.5 measured in glasses from the depleted Kistufell eruption,
which are in equilibrium with An82-An89 plagioclase (Breddam, 2002).
Although the Ca/Na content of plagioclase-hosted melt inclusions is subject to modification
after entrapment by crystallisation or dissolution of plagioclase on inclusion walls, the Mg# of
melt inclusions should be comparatively unaffected. The reliability of plagioclase-hosted melt
inclusion Mg# contents was assessed using data from Nielsen (2011). While inclusions that have
experienced post-entrapment crystallisation show enrichments in MgO, FeOt and depletions in
Al2O3, changes in Mg# with increasing degrees of post-entrapment crystallisation are small
(<2 mol.%). Plagioclase-hosted melt inclusions from Skuggafjöll have a Mg# of 64±2, which is
identical to the melt Mg# range predicted to be in equilibrium with Fo85-Fo87 (Figure 4.16).
Ce/Y values measured in matrix glasses by SIMS and LA-ICP-MS (0.65 and 0.71 respec-
tively) are significantly more enriched than either of the melt inclusion populations. The differ-
ence in enrichment between primitive melt inclusions and the matrix glasses indicates that the
primitive and evolved assemblages crystallised from different suites of primary melts.
Both major and trace element contents of the melt inclusions thus corroborate the inter-
pretation that high-forsterite olivine and high-anorthite plagioclase represent a co-crystallised
primitive macrocryst assemblage based on QEMSCAN® imagery and EPMA data. Unfortu-
nately, no clinopyroxene melt inclusions were observed, and a different approach was required
to assess the degree of trace element equilibrium between clinopyroxene macrocrysts and other
magmatic components.
5.4.3 Calculating equilibrium melt trace element compositions from clinopy-
roxene macrocrysts
A number of recent studies have demonstrated the feasibility of using direct measurement of
trace elements in clinopyroxene crystals in order to reconstruct magmatic processes (Wade et al.,
2008; Jackson et al., 2009; Winpenny & Maclennan, 2011). Having measured the trace element
composition of clinopyroxenes, it is possible to reconstruct the trace element contents of the melts
from which these macrocrysts grew by using appropriate partition coefficients. Clinopyroxene-
melt partition coefficients are controlled by the composition of the crystal, the composition of the
melt, and the pressure and temperature of crystallisation (Wood & Blundy, 1997). Sector zoning
(Nakamura, 1973) and crystal growth rates (Lofgren et al., 2006) also affect the absolute values
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of partition coefficients, which are thus subject to large errors. Errors in partition coefficients
consequently propagate into the equilibrium melt compositions calculated from clinopyroxene
compositions. However, most errors can be mitigated by calculating equilibrium trace element
ratios instead of trace element concentrations (Winpenny & Maclennan, 2011).
Following the methods of Winpenny & Maclennan (2011), the degree of equilibrium between
clinopyroxene macrocrysts, melt inclusions and matrix glasses was assessed using Ce/Ybeqm-melt.
Reasons for using Ce/Yb are two-fold: firstly, Ce and Yb are the LREE and HREE measured
with the highest precision in clinopyroxene (1σ relative errors of 9% and 8% respectively);
and secondly, the partitioning behaviour of both elements can be related through a lattice
strain model (LSM) (Wood & Blundy, 1997). Partition coefficients depend on the ionic radii
of the elements in question as described by the Brice (1975) equation (expressed here for the
clinopyroxene M2 site):
Di = Doexp
−4piEM2NA
(
ro
2 (ri − ro)2 + 13 (ri − ro)3
)
RT
 (5.1)
where Di is the partition coefficient of element i; ri is the ionic radius of element i; Do is the
partition coefficient of the hypothetical element o which has the same ionic radius as the crys-
tallographic site, ro; NA is Avogadro’s number; EM2 is the Young’s Modulus of the site; R is
the gas content; and T is temperature in K. The effects of crystal and melt composition on
partition coefficients are incorporated into the Do term of the Brice (1975) equation that cancel
out when calculating Ce/Ybeqm-melt from Ceeqm-melt and Ybeqm-melt. Crucially, errors associ-
ated with calculating Do also cancel out. Errors associated with the pressure and temperature
of crystallisation nevertheless remain in the EM2 and RT terms of the LSM, but have only
minor effects on DLREE/DHREE (Winpenny & Maclennan, 2011). The effects of uncertainties in
pressure and temperature on Ce/Ybeqm-melt will be discussed below.
As discussed earlier, a temperature of 1190°C was selected using clinopyroxene-melt ther-
mometry and a pressure of 0.5 kbar was selected using olivine-hosted melt inclusions entrapment
pressures (Figure 4.19). Some melt inclusions record entrapment pressures up to 2 kbar, but for
reasons discussed on Chapter 6 these are not considered to be representative of magma reservoir
depths. An approximate 1σ error in the pressure estimate of 0.25 kbar corresponds to the pre-
cision of CO2 measurements in melt inclusions by SIMS and to uncertainties in CO2 solubility
models. The 1σ error in the geothermometer is ±45°C (Putirka, 2008b). In order to quantify
how uncertainties in the temperature and pressure of crystallisation affect DLREE/DHREE, par-
tition coefficients were calculated at a range of relevant pressures and temperatures. Varying
temperature from 1150–1230°C at a fixed pressure of 0.5 kbar resulted in a change in DCe/DYb
from 0.183 to 0.218. This corresponds to change in Ce/Ybeqm-melt from 6.57 to 7.73. Varying
pressure from 0.001 to 1.5 kbar had a negligible effect on both absolute and relative partition
coefficients. Furthermore, although increasing cooling rates increases the values of partition
coefficients, it does not lead to significant change in DLREE/DHREE (Lofgren et al., 2006).
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Figure 5.6: Normalised cumulative probability distributions of Ce/Yb in olivine-hosted melt
inclusions, Ce/Yb in plagioclase-hosted melt inclusions and the Ce/Yb contents of melts
in equilibrium with clinopyroxene macrocrysts. Shaded regions show the composition of
the matrix glass determined by LA-ICP-MS and SIMS. The minor difference in probability
distributions of olivine-hosted and plagioclase-melt inclusions can be accounted for by an
offset between LA-ICP-MS and SIMS analyses, which is also reflected in the composition
of matrix glasses. Both suites of melt inclusions have much more depleted compositions
than the matrix glass. The Ce/Yb contents of melts predicted to be in equilibrium with
clinopyroxene macrocrysts are similar to the matrix glass, and consequently more enriched
than melt inclusions. The details of the method used to determine the Ce/Yb of melts in
equilibrium with clinopyroxene macrocrysts are discussed in the text.
The mean Ce/Ybeqm-melt value calculated from a total of 32 clinopyroxene macrocrysts is
7.20. This Ce/Ybeqm-melt value is very similar to the value of 7.01 measured in the matrix
glass by LA-ICP-MS, and lies within the estimated precision of Ce/Yb values (1σ = 0.49).
A slightly larger difference is observed between Ce/Ybeqm-melt and the Ce/Yb of the matrix
glass measured by SIMS (6.55±0.27(1σ)), which is likely to be the result of minor differences
in elemental fractionation and correction procedures between the LA-ICP-MS and SIMS tech-
niques. The similarity between Ce/Yb measured in matrix glasses and Ce/Ybeqm-melt calculated
from clinopyroxene macrocrysts strongly suggests that clinopyroxene grew from a suite of melts
closely related to the matrix glass.
Olivine-hosted melt inclusions have Ce/Yb contents of 4.65±0.85(1σ), and plagioclase-hosted
melt inclusion have Ce/Yb contents of 5.28±1.07(1σ). The offset in Ce/Yb between olivine-
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hosted melt inclusions and plagioclase-hosted melt inclusions is similar in magnitude to the
offset between the Ce/Yb in matrix glasses measured by SIMS and LA-ICP-MS and is not
considered to be geologically significant. Cumulative probability distributions of Ce/Yb in
melt inclusions and Ce/Ybeqm-melt from clinopyroxene macrocrysts are plotted on Figure 5.6.
Clinopyroxene macrocrysts record significantly more enriched compositions than either olivine-
hosted or plagioclase-hosted melt inclusions. The Kolmogorov-Smirnov test was used to test
whether plagioclase-hosted melt inclusions and clinopyroxene melts could be sourced from the
same underlying population distribution. Both of these datasets were measured by LA-ICP-MS
in the same analytical session and are thus directly comparable. The large value of the KS
statistic (D = 0.822) and the small p-value (p = 2.47 × 10−8) indicate that that it is extremely
unlikely that plagioclase-hosted melt inclusions and clinopyroxene macrocrysts grew from the
same suite of melts.
Ce/Ybeqm-melt values calculated from clinopyroxene macrocrysts have a standard deviation of
1.11, which is substantially greater than estimated analytical precision (1σ = 0.49). Moreover,
the signal-to-noise ratio of 1.42 for Ce/Ybcpx is larger than the threshold value of 1.19 for
significant variability at the 99% confidence level. Inspection of Figure 5.6 shows that there is a
tail in equilibrium melt compositions towards enriched values. It is possible that these enriched
clinopyroxene grains record the addition of small volumes of highly enriched melt, mirroring a
similar record in olivine-hosted melt inclusions (Chapter 6).
5.4.4 Crystal accumulation recorded in crystal size distributions
Kinks in plagioclase CSDs can be accounted for by the accumulation of large plagioclase macro-
crysts. All three samples for which CSDs were calculated have similar size distributions for small,
high-aspect-ratio crystals (Figure 4.3a-c). However, the size distributions of large crystals differ
substantially from sample to sample. HOR-11-01B has the highest macrocryst content of the
three (40.0%) and the highest population density of large, low-aspect-ratio plagioclase macro-
crysts. Conversely, SKU-11-01B, which has the lowest macrocryst content (18.1%), has the
lowest population density of large plagioclase. Plagioclase CSDs are thus fully consistent with
the observation that whole-rock geochemical variability is controlled by the accumulation of a
plagioclase dominated assemblage. The excess population of large, low-aspect-ratio plagioclase
crystals is made up from the macrocrysts from the primitive assemblage with high-anorthite
cores (Figure 5.7).
Both whole-rock geochemistry and point-counting systematics indicate, however, that pla-
gioclase is added alongside olivine in the approximate ratio of ∼9:1. The presence of a kink in the
olivine CSD of HOR-11-01B (Figure 4.4d) can thus be explained by the accumulation of small
amounts of olivine alongside plagioclase. That other olivine CSDs are not kinked is unlikely
to be geologically significant (Figure 4.4d and e), and most probably results from inadequate
sampling of olivine.
Small plagioclase macrocrysts, small olivine macrocrysts and clinopyroxene macrocrysts from
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Figure 5.7: QEMSCAN® image of SKU-12-18 with a plagioclase CSD from HOR-11-01B.
Crystal size and composition are related: small, high-aspect-ratio plagioclse macrocrysts
have low-anorthite contents (∼An75), whereas large, low-aspect-ratio macrocrysts are zoned,
containing high-anorthite plagioclase cores (∼An90) and low anorthite rims (∼An75.)
the evolved population have straight CSDs (Figures 4.3a-c and 4.4). The population densities of
evolved macrocrysts are therefore dominantly controlled by crystal nucleation and growth alone
(Marsh, 1988). The absence of consistent changes in CSD gradients suggests that the evolved
assemblage was not affected by crystal accumulation or crystal settling. Erupted lavas therefore
carry a full record of three-phase eutectic crystallisation to the surface.
5.4.5 Summary of macrocryst relationships
In summary, the two-stage crystallisation history proposed on the basis of whole-rock geochem-
istry and point-counting systematics in the previous section is well supported by microanalytical
and textural observations. The first stage involved crystallisation of high-forsterite olivine and
high-anorthite plagioclase with minor chromite, from melts with a depleted mean composition
(Ce/Y ∼ 0.47–0.48). The evolved assemblage subsequently formed by crystallisation of low-
forsterite olivine, low-anorthite plagioclase and clinopyroxene from melts with an enriched mean
composition (Ce/Y ∼ 0.65–0.71), following variable accumulation of the primitive assemblage.
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Macrocrysts from the primitive assemblage occur in non-cotectic proportions: plg:ol in the ra-
tio ∼9:1 rather than the ∼7:3 ratio expected from cotectic crystallisation (Grove et al., 1992).
Macrocrysts from the evolved assemblage are present in three-phase eutectic proportions. The
erupted magma hence carries a full record of the second stage of crystallisation, but a biased
record of the first. In order to understand the origins of this biased record of crystallisation, it
is necessary to consider how geochemically distinct macrocryst assemblages came to be present
in the same magma and how accumulation of the primitive assemblage took place. In order to
determine what role magma reservoir dynamics may have played in determining the abundance
and proportions of macrocrysts in the Skuggafjöll magma, the physical properties of melts and
macrocrysts must first be determined.
5.5 Physical properties of melts and macrocrysts
The densities of melts were calculated using the method of Bottinga & Weill (1970), with
updated partial molar volumes and thermal expansion coefficients (Lange & Carmichael, 1990;
Toplis et al., 1994; Lange, 1997; Ochs & Lange, 1999). The effect of melt compressibility on liquid
densities was accounted for by using compressibility coefficients from Lange & Carmichael (1990)
and Ochs & Lange (1999). The density of melt immediately prior to eruption was calculated
using the average matrix glass composition and an H2O content of 0.38 wt.% measured in
matrix glasses that is assumed to represent an un-degassed value (see Chapter 6). Pressure and
temperature were set at 0.5 kbar and 1190°C for reasons previously discussed. The densities
of melts from which the primitive assemblage may have crystallised were estimated in two
ways: firstly, density calculations were performed on the compositions of plagioclase-hosted
melt inclusions; and secondly, density calculations were performed on melts in equilibrium with
the primitive assemblage (Mg# = 64±2 and Ca/Na = 3.8±0.2), which were selected from a
large database of Icelandic melt compositions (see Appendix B for a list of sources). The H2O
content of melt inclusions and primitive melts was estimated from their TiO2 content using
the H2O/TiO2 of matrix glasses. Densities of primitive melts were calculated at 0.5 kbar and
1230°C. The temperature of 1230°C was calculated using melt thermometry equations from
Putirka (2008b) and is consistent with liquidus temperatures calculated using the olivine-melt
equilibria of Ford et al. (1983), Ariskin & Nikolaev (1996) and Herzberg & O’Hara (2002) as
implemented in Petrolog (Danyushevsky & Plechov, 2011). Melt viscosities were calculated
using the method of Giordano et al. (2008) and the same conditions as for density calculations.
The densities and viscosities of melts are provided in Table 5.1.
The densities of olivine and clinopyroxene were calculated at 1190°C and 1230°C using end-
member densities and thermal expansion coefficients taken from Smyth & McCormick (1995) and
Fei (1995). Plagioclase densities were calculated for the compositions An78 and An89 using molar
volumes determined by Angel et al. (1990). Thermal expansion coefficients were calculated using
the parametrisations of Berman (1988) and Holland & Powell (1998) as presented by Tribaudino
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Material Melt H2O (wt.%) Temperature (°C) Plagioclase thermal ρ (kg/m3) µ (Pa.s)
expansion model
Melts
Matrix glass 0.38 1190 2704 27
Primitive melts (MI) 0.22 1230 2700 12
Primitive melts (eqm) 0.16 1230 2697 8
Primitive melts (MI) 0.30 1230 2692 12
Primitive melts (eqm) 0.30 1230 2689 8
Macrocrysts
Olivine Fo79 - 1190 3365 -
Olivine Fo86 - 1190 3285 -
Clinopyroxene Mg#82 - 1190 3224 -
Plagioclase An78 - 1190 HP 2620 -
Plagioclase An78 - 1190 B 2673 -
Plagioclase An89 - 1190 HP 2641 -
Plagioclase An89 - 1190 B 2692 -
Olivine Fo79 - 1230 3361 -
Olivine Fo86 - 1230 3282 -
Clinopyroxene Mg#82 - 1230 3221 -
Plagioclase An78 - 1230 HP 2617 -
Plagioclase An78 - 1230 B 2671 -
Plagioclase An89 - 1230 HP 2638 -
Plagioclase An89 - 1230 B 2689 -
Table 5.1: Predicted physical properties of melt and macrocrysts in the Skuggafjöll magma
MI, primitive melt compositions estimated from plagioclase-hosted melt inclusions; eqm,
primitive melt compositions estimated from Icelandic melts in equilibrium with the primitive
melt (see text for details); HP, plagioclase thermal expansion calculated using the parametri-
sation of Holland & Powell (1998); B, plagioclase thermal expansion calculated using the
parametrisation of Berman (1988)
et al. (2010). Densities calculated using the Holland & Powell (1998) parametrisation are ∼50
kg/m3 lower than densities calculated using the Berman (1988) parametrisation at any given
anorthite content and temperature considered. Although the Holland & Powell (1998) model
accounts for the saturation of thermal expansion at high temperatures, the Berman (1988) model
appears to provide a better fit at high temperatures (Tribaudino et al., 2010). However, given
that both the Holland & Powell (1998) and Berman (1988) parametrisations were calibrated for
lower temperature conditions than relevant to Skuggafjöll, it is unclear which model should be
favoured. Macrocryst densities, including plagioclase densities calculated with both the Holland
& Powell (1998) and Berman (1988) models, are provided in Table 5.1.
An78 plagioclase, which is representative of low-anorthite plagioclase from the evolved macro-
cryst assemblage, is estimated to be 31–84 kg/m3 less dense than the evolved melt immediately
before eruption (Table 5.1). An89 plagioclase, which is representative of high-anorthite plagio-
clase from the primitive macrocryst assemblage, is estimated to be 8–62 kg/m3 less dense than
primitive melts.
The density of melts is strongly dependent on their H2O content (Ochs & Lange, 1999). The
melt densities calculated are thus maximum values, because the assumption that the H2O content
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of quenched matrix glasses is undegassed may be invalid. Indeed, primitive melts in Iceland may
contain up to ∼0.3 wt.% H2O rather than the 0.15–0.2 wt.% calculated from H2O/TiO2 here
(Nichols et al., 2002). Increasing the H2O content of primitive melts to 0.3 wt.% decreases
densities to 2689–2692 kg/m3. Incorporating the effects of other volatiles, such as CO2 and
S, could reduce melt density further, increasing the likelihood of plagioclase being negatively
buoyant. It is therefore unclear from density calculations alone whether An89 would float or sink
in primitive melts in the Skuggafjöll plumbing system. Uncertainties in the density and hence
buoyancy of plagioclase are unlikely to be resolvable until the thermal expansion behaviour of
plagioclase is better understood at magmatic temperatures. What is certain, nevertheless, is
that plagioclase is close to neutral buoyancy and would thus be expected to remain suspended
in the magma whilst olivine will sink.
Although density calculations are equivocal on the subject of plagioclase buoyancy, they do
suggest that a troctolitic assemblage of plagioclase and olivine macrocrysts would be denser
than primitive melts. An assemblage containing 90% An89 plagioclase and 10% Fo86 olivine has
a density of 2702–2748 kg/m3 at 1230°C, which is 2–55 kg/m3 higher than the density inferred
for primitive melts. Therefore, if plagioclase grains were close to neutral buoyancy and formed
glomerocrysts with olivine by synneusis (e.g. Schwindinger, 1999) or heterogeneous nucleation
(e.g. Kirkpatrick, 1981), then they would sink.
5.6 Requirements of an internally consistent petrogenetic model
for Skuggafjöll
Diverse petrographic, geochemical and microanalytical observations presented in previous sec-
tions help to determine the fluid dynamical processes that occurred during the assembly of the
Skuggafjöll magma. Key observations that must be accounted for in any internally consistent
petrogenetic model for Skuggafjöll are as follows:
1. Macrocrysts in the Skuggafjöll magma can be divided into two discrete assemblages: a
primitive two-phase troctolitic assemblage, and an evolved three-phase gabbroic assem-
blage. These two assemblages are separated by a compositional gap equivalent to a jump
in melt composition from Mg#64 to Mg#57.
2. The primitive assemblage crystallised from melts with a depleted mean composition (Ce/Y
∼ 0.47–0.48), whereas the evolved assemblage crystallised from melts with a more enriched
mean composition (Ce/Y ∼ 0.65–0.71) that is in trace element equilibrium with the matrix
glass.
3. Whole-rock geochemical variability is best accounted for by accumulation of variable
amounts of a primitive, troctolitic assemblage. All samples have experienced similar
amounts of crystallisation of the evolved gabbro assemblage.
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4. Macrocrysts from the evolved assemblage are present in three-phase eutectic proportions,
but macrocrysts from the primitive assemblage occur in variable but strongly non-cotectic
proportions (plg:ol in the ratio ∼ 9:1).
5. The textural association of primocrystic high-anorthite plagioclase and high-forsterite
olivine and the composition of melt inclusions hosted within these two phases require that
both primitive plagioclase and olivine were, at least in part, accumulated concurrently.
5.7 The origin of non-cotectic proportions in the primitive macro-
cryst assemblage
Plagioclase and olivine are expected to crystallise in the ratio ∼7:3 during cooling of MORB-
like compositions along the low pressure two-phase cotectic (e.g Grove et al., 1992). Given
that the primitive melt compositions inferred for Skuggafjöll are neither especially calcic nor
aluminous (c.f. Panjasawatwong et al., 1995), the cotectic proportions determined by Grove
et al. (1992) for MORB crystallisation are expected to be valid at Skuggafjöll. The ∼9:1 plg:ol
ratio observed in the primitive assemblage is, in contrast, significantly enriched in plagioclase
with respect to cotectic proportions. Lange et al. (2013b) suggest that high plg:ol ratios observed
in PUBs from a number of settings could be explained by entrainment of non-cotectic cumulates,
separation of dense olivine from less dense plagioclase during ascent through the crust or by some
combination of these two processes. That the evolved assemblage occurs in three-phase eutectic
proportions rules out the possibility of significant macrocryst fractionation during final ascent
at Skuggafjöll: if the primitive assemblage was enriched in plagioclase or depleted in olivine
during ascent, then similar changes in phase proportions would be expected in the evolved
assemblage. Entrainment of primitive macrocrysts from non-cotectic cumulates is, however,
an appealing mechanism by which plagioclase enrichment could be achieved at Skuggafjöll. In
particular, macrocryst entrainment is capable of explaining the presence of distinct macrocryst
assemblages separated both in terms of degree of evolution and degree of enrichment. However,
before discussing the implications of macrocryst entrainment from cumulates for petrogenesis
at Skuggafjöll and elsewhere, it is important to consider whether accumulation of crystals by
cumulate disaggregation is consistent with the observations presented in preceding sections.
5.8 Crystal or mush entrainment?
Geochemical and petrographic arguments have been used to argue that crystals have accumu-
lated in magmas in a range of systems by entrainment of crystals from solid cumulates (e.g.
Salaün et al., 2010) or crystal mushes (crystals + melt) (Holness et al., 2007; Costa et al.,
2010). In their recent study of the Laki eruption, Passmore et al. (2012) identified a signature
of mush addition using combined whole-rock and point-counting systematics. On plots of highly
incompatible element concentration against macrocryst mass fraction for Laki (the same axes as
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Figure 5.4), regressions predict highly incompatible element concentrations significantly greater
than 0 at a macrocryst mass fraction of 1 (c.f. Figure 5.4a). Passmore et al. (2012) interpreted
this observation as evidence for mush disaggregation with mush crystals being entrained into
the carrier liquid concurrently with a mush liquid.
Regressions of whole-rock compositions against point-counting data from Skuggafjöll predict
incompatible trace element concentrations near to zero for macrocryst mass fractions of 1 (Figure
5.4a; Appendix D). At first inspection, these regressions appear to suggest that macrocrysts
were added from a solid cumulate without any interstitial mush liquid. However, entraining
crystals from a loosely packed mush is more likely than entraining crystals from a solid cumulate
where crystals are well intergrown. Furthermore, rock microstructures visible both by optical
microscopy and on QEMSCAN® images suggest that primitive macrocrysts were stored in a
crystal mush, and that this crystal mush contained a significant volume of interstitial liquid (e.g.
Figure 4.1b & ‘E’ on Figure 5.7). This apparent conflict between petrographic observations and
whole-rock geochemistry is problematic and must be accounted for in any coherent petrogenetic
models for the Skuggafjöll eruption. The fate of the mush liquid is discussed in a later section.
5.8.1 Accumulated primitive macrocrysts as mush crystals
High-anorthite plagioclase macrocrysts in large glomerocrysts are often oriented at high angles
with respect to each other (Figure 4.1b). This texture is reminiscent of impingement textures
in plutonic rocks where variable plg-plg-melt dihedral angles are characteristic of high-porosity,
plagioclase-dominated mushes at early stages of formation (Holness, 2005; Holness et al., 2012).
Joining of crystals by synneusis – an alternative mechanism for associating crystals – requires
that crystals become oriented in positions of low interfacial energy whilst free in the magma
reservoir (Vance, 1969; Schwindinger, 1999), a situation that becomes increasingly unlikely as
more crystals become joined (Dowty, 1980; Welsch et al., 2013). Given that large glomerocrysts
contain plagioclase that are oriented at high and variable angles to each other, synneusis is not
a viable explanation for large glomerocrysts formation at Skuggafjöll (Figure 5.8).
Although simple models of cumulate and mush formation by crystal settling, as implied in the
model of Wager et al. (1960), have come under subsequent scrutiny (e.g. Campbell, 1978), both
microanalytical and textural lines of evidence suggest that primitive macrocrysts at Skuggafjöll
were processed via a dynamic magma reservoir and formed mushes by crystal settling or floata-
tion rather than in situ crystallisation (e.g. Campbell, 1978). Firstly, melt inclusions hosted in
primitive olivine and plagioclase macrocrysts preserve records of geochemical variability con-
sistent with crystallisation in a magma reservoir undergoing concurrent crystallisation, mixing
and CO2-degassing (see Chapter 6). Secondly, crystals within individual glomerocrysts often
show evidence that they have experienced different crystallisation histories: some high-anorthite
plagioclases contain no melt inclusions, whereas others contain concentric bands of small melt in-
clusions indicative of repeated minor resorption and crystallisation events. Some high-anorthite
cores show weak concentric zoning (∼2 mol.% An oscillations on ∼5 µm lengthscales), probably
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15
Figure 5.8: Sector diagram summarising the apparent orientation of plagioclase (010) planes
in 160 macrocrysts from 14 large glomerocrysts in thin sections from Skuggafjöll. Orientations
are normalised to the orientation of the longest grain measured in each glomerocryst for
plotting purposes. Longest grain orientations are defined as 0°. While grains are often
parallel to the longest grains within each glomerocrysts, many lie at high angles, indicating
that synneusis is unable to account for the formation of all glomerocrysts. High plg-plg-melt
angles are characteristic of impingement textures in crystal mushes at early stages of their
formation (Holness, 2005; Holness et al., 2012).
related to subtle changes in melt chemistry (Chapter 3; Ginibre et al. 2002b). Other grains are
unzoned, implying growth from melts with buffered compositions. Note, however, that mush
formation by crystal settling or floatation as described here does not necessarily exclude previous
phases of in situ crystallisation, where crystals grew on the margins of a magma reservoir and
underwent repeated entrainment and deposition (e.g. Tepley III & Davidson, 2003).
The arrangement of primitive macrocrysts in QEMSCAN® images suggests that an inter-
stitial liquid was present before mush disaggregation. Small and complex pore spaces between
high-anorthite and high-forsterite macrocrysts, such as that marked ‘E’ on Figure 5.7, were more
likely to have been filled by an interstitial liquid rather than crystals prior to disaggregation and
entrainment. Additionally, the presence of planar crystal faces within glomerocrysts suggests
that some mush crystal faces were able to continue crystallising unimpeded into open melt fol-
lowing impingement (Cabane et al., 2005). Both thin melt films between crystals, and melt
pores at plg-plg-plg grain boundaries that have solidified to mesostasis, attest to the presence
of an interstitial mush liquid between primitive mush crystals (Figure 4.1d). Small plg-plg-melt
dihedral angles in melt pores can arise from either diffusion-limited growth or the attainment of
plagioclase-melt equilibrium (Holness, 2005), but only develop following grain impingement.
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5.8.2 The fate of the interstitial mush liquid
The method of identifying mush addition outlined by Passmore et al. (2012) only holds true
if the mush crystals and mush liquid remain well coupled as they are mixed into the carrier
liquid. If the mush liquid and the mush crystals become chemically decoupled, then the mush
crystal proportion need not correlate with mush liquid proportion. Stirring of the mush into the
carrier liquid by vigorous, high-Rayleigh number convection could result in homogenisation of
carrier and mush liquids (e.g. Costa et al., 2010), but may also homogenise crystal contents. The
heterogeneity of crystal content across the Skuggafjöll eruption (accumulated macrocryst mass
fractions span the range 0–35%), casts doubt on the ability of mixing after mush entrainment to
homogenise melt composition. If mixing was sufficiently vigorous to mix evolved and primitive
melts without leaving a record in macrocryst compositions, then greater homogenisation of
entrained crystals proportions might be expected.
Alternatively, if the original mush liquid was replaced by, or re-equilibrated with, the more
evolved carrier liquid prior to disaggregation, then no record of the mush liquid would remain
except in volumetrically insignificant melt inclusions and pores (Figure 4.1d). The viability of
mush liquid replacement or re-equilibration can be demonstrated using observations made on
plagioclase-rich nodules erupted from a series of tuff cones (Brandur, Fontur & Saxi), close to
Skuggafjöll in the EVZ (Figure 1.6). Detailed geochemical and petrographic descriptions of
the nodules can be found in Hansen & Grönvold (2000) and Holness et al. (2007) respectively.
Compositions and textures of macrocrysts within these nodules are very similar to those of
primitive macrocrysts from Skuggafjöll (Figure 5.9). Crucially, the composition of glass within
the nodules is very similar to the composition of the evolved carrier liquid (Hansen & Grönvold,
2000). This evolved nodule glass is, however, far from being in equilibrium with the primitive
macrocrysts within the nodules. By considering the relative rates of diffusion in matrix/nodule
glasses and olivine macrocrysts, it is possible to assess whether a primitive mush liquid could
re-equilibrate with a more evolved carrier liquid sufficiently quickly to leave minimal trace in
the mush crystals.
The diffusion coefficient for Mg-Fe interdiffusion within the Skuggafjöll matrix glass com-
position (i.e. carrier liquid) at 1200°C is 4.14 × 10−11 m2/s assuming neutral species diffusion
(Darken, 1948; Zhang, 2010). Diffusion coefficients for Mg and Fe2+ self-diffusion at 1200°C
were taken from the experiments of Kress & Ghiorso (1995). Given that melt diffusion occurred
within a crystal mush rather than in liquid alone, corrections were applied to account for the
effects of crystals and porosity by multiplying the diffusion coefficient by pi/2 and 0.4 respec-
tively (Thomson & Maclennan, 2013). A porosity of 0.4 is consistent with those measured in
olivine-rich mush layers (Jerram et al., 1996), but is lower than the 0.6 porosity estimated for
plagioclase-rich cumulates from the Skaergaard and Sept-Îles layered intrusions (Tegner et al.,
2009; Namur & Charlier, 2012). An interdiffusion coefficient of 2.61 × 10−11 m2/s therefore
represents the lower boundary of likely diffusivities for the Skuggafjöll mush liquid. Using the
relationship
√
Dt = L/2, where L is the diffusive lengthscale, D is diffusivity and t is the diffusive
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Figure 5.9: Photomicrographs of the interior of a typical nodule from the Fontur tuff cone
with (a) plane polars and (b) crossed polars. This sample was collected by Passmore (2009).
Both macrocryst compositions and textures within these ∼10 cm nodules resemble those of
large glomerocrysts in Skuggafjöll. The interstitial glass in the interior of these nodules is
the same composition as the evolved matrix glass and is out of equilibrium with primitive
macrocrysts.
timescale, a 7.6 year timescale is estimated for re-equilibration of melt within 10 cm diameter
nodules. Over 7.6 years, the lengthscale of Mg-Fe interdiffusion within olivine macrocrysts is
88 µm using DolFe-Mg = 8.08 × 10−17 m2/s (calculated for Fo80 crystals at 1200°C and 0.5 kbar
using the model of Dohmen & Chakraborty (2007)). An 88 µm lengthscale is comparable in size
to the width of low-forsterite rims in high-forsterite macrocrysts on QEMSCAN® images (Fig-
ure 4.12). NaSi-CaAl interdiffusion in plagioclase under the same conditions is several orders
of magnitude slower (DplgNaSi-CaAl = 1–10 × 10−21 m2/s in An70-An90 at 1200°C (Grove et al.,
1984)), resulting in a very short diffusion lengthscale of <1 µm. While a detailed study of mush
disaggregation timescales is beyond the scope if this investigation, diffusive constraints indicate
that it is possible to reset the composition of mush liquids without significantly modifying the
composition of mush crystals.
In summary, rock microstructures provide strong evidence that accumulation of primitive
macrocrysts occurred by disaggregation of a crystal mush. Disaggregated macrocrysts then in-
teracted with an enriched carrier melt from which the evolved assemblage crystallised. Although
mush liquid entrainment is not recorded in whole-rock geochemistry, simple diffusion calculations
and petrological comparisons with nodules erupted from elsewhere in the Bárðarbunga-Veiðivötn
system suggest that the mush liquid could have re-equilibrated with the carrier liquid sufficiently
quickly to leave no record in the composition of mush crystals. It is important to note, however,
that homogenisation of carrier and mush liquids by rapid stirring following injection of one melt
into the other cannot be ruled out from just the observations presented here.
Entrainment of primitive macrocrysts from non-cotectic crystal mushes fits within the re-
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quirements of an internally consistent petrogenetic model for Skuggafjöll. Fractionation of
macrocryst phases must, however, still occur during the initial formation of mushes. A full
fluid dynamical treatment of mush formation is beyond the scope of this study, and may not be
possible within the currently available experimental framework (Burgisser et al., 2005). Nev-
ertheless, some simple fluid dynamical and geological considerations will be discussed below.
These suggest that non-cotectic mushes are produced following cotectic crystallisation in dy-
namic magma reservoirs.
5.9 Speculation on the formation of non-cotectic crystal mushes
The rate at which crystals settle out from magma is strongly controlled by their density, even
in vigorously convecting and turbulent magma reservoirs (Martin & Nokes, 1989; Burgisser
et al., 2005). It is thus expected that dense olivine macrocrysts will settle out rapidly from
magma reservoirs: the Stokes’ settling velocity of a 2 mm grain of forsteritic olivine in primitive
melts inferred for Skuggafjöll is 1.1 × 10−3 m/s. High-anorthite plagioclase is close to neutral
buoyancy in primitive melts from Skuggafjöll (Table 5.1). If the values presented in Table 5.1
are correct, and plagioclase is positively buoyant, then it is possible that mono-mineralic mushes
of plagioclase may develop at the reservoir roof: the Stokes’ settling velocity for 2 mm grain of
anorthitic plagioclase is −1.9–11 × 10−4 m/s. However, troctolitic glomerocrysts containing even
a very small proportion of olivine will settle to the base of the reservoir, albeit more slowly than
olivine alone, as the Stokes’ settling velocity for a 2 mm glomerocryst containing 10% olivine
and 90% plagioclase is 3.5–84 × 10−6 m/s. If plagioclase densities have been underestimated
and/or melt densities overestimated, then high-anorthite plagioclase may have been negatively
buoyant in primitive melts. If plagioclase was negatively buoyant it would still be much less
dense than olivine, and consequently sink much more slowly.
Non-cotectic mushes and cumulates are likely to form following the crystallisation of phases
with different densities (Martin & Nokes, 1989). The first layers of mush deposited in magma
reservoirs during crystallisation of olivine and plagioclase saturated melts experiencing homo-
geneous crystal nucleation are likely be dominated by dense olivine macrocrysts. At any given
crystal size, plagioclase has a much longer residence time in basaltic reservoirs than olivine
(Martin & Nokes, 1989). As a consequence, the liquid portion of magma reservoirs will become
progressively enriched in plagioclase as time passes. This potentially leads to the generation of
plagioclase-rich mushes by a range of mechanisms. If plagioclase is negatively buoyant, then the
mush pile on the reservoir floor will be mineralogically stratified from an olivine-rich base to a
plagioclase-rich top. If plagioclase is positively buoyant, then plagioclase mushes may develop
at the top of the reservoir. However, the textural association of plagioclase with primocrys-
tic olivine suggests that at least some floated plagioclase would have had to delaminate and
fall to the base of the reservoir at Skuggafjöll (e.g. Tepley III & Davidson, 2003). One way to
cause delamination could be in situ crystallisation of olivine, generating gravitationally unstable
131
5. Crystal storage and transfer: Skuggafjöll eruption
troctolite mushes at the chamber roof. Alternatively, olivine and plagioclase may have become
associated by heterogeneous nucleation, which need not be restricted to a particular environ-
ment within the magma reservoir. Furthermore, that non-cotectic troctolites and anorthosites
are commonly observed in oceanic crust sections (e.g. Elthon, 1987; Perk et al., 2007; Gillis
et al., 2014) and in ophiolites (e.g. Pallister & Hopson, 1981; Nicolas & Boudier, 2011), confirms
that non-cotectic mushes and cumulates are a common product of magma differentiation.
Excavation of mineralogically stratified mushes can explain the accumulation of plagioclase-
rich, non-cotectic assemblages in phyric basalts. The accumulated assemblage would only con-
tain cotectic proportions if disaggregation of the mush was complete. What restricts mush
disaggregation to particular plagioclase-rich horizons is, however, unclear though the density of
mush crystals, the degree of compaction and the extent of interstitial crystallisation are likely
be important factors. Non-cotectic proportions may also be imposed by dynamic separation of
dense olivine from lower density plagioclase during transport from different reservoirs prior to
mush formation. Although the processes of mush formation and disaggregation discussed here
are consistent with the petrology and geochemistry of Skuggafjöll samples, they are without
fluid dynamical validation. This discussion nevertheless aims to demonstrate the importance
of non-cotectic mush formation and disaggregation in controlling the crystal content of highly
phyric lavas. The data presented in this study place fixed constraints on the behaviour of a single
magma reservoir that can be used as the starting point for future numerical and analogue experi-
ments. Investigating the settling and entrainment behaviour of macrocryst phases with different
densities in analogue experiments represents an important next step towards determining how
both crystal mushes and highly phyric basalts are generated.
5.10 Assembly of the Skuggafjöll magma
The first process directly recorded in the volcanic products of the Skuggafjöll eruption is crys-
tallisation of high-forsterite olivine and high-anorthite plagioclase from primitive melts with
a mean depleted composition. Melt inclusion data indicate this first stage of crystallisation
took place in a suite of diverse mantle melts undergoing concurrent mixing and crystallisation
(Figure 5.10a & b). Given the paucity of evidence for continued magmatic activity at Skug-
gafjöll (e.g. hydrothermal systems), it is probable that magmatic evolution took place in small
and transient magma reservoirs. Entrapment pressures calculated using the CO2 content of
olivine-hosted melt inclusions constrain the depth of mixing and crystallisation to ∼0.5 kbar
(Chapter 6). This shallow depth of storage and crystallisation helps to account for the growth
of high-anorthite plagioclase from dry basalt: the equilibrium anorthite content of plagioclase
in basaltic melts decreases by 0.4–1 mol.% for each 1 kbar increase in pressure (Grove et al.,
1992; Panjasawatwong et al., 1995).
Primitive and evolved macrocryst assemblages crystallised from melts that are geochemically
distinct both in terms of their degree of evolution (Mg#64 versus Mg#57) and their degree of
132
5. Crystal storage and transfer: Skuggafjöll eruption
Skuggafjöll
Formation of mineralogically-zoned mushes
by crystal settling and/or floatation
Plagioclase-rich layers
Olivine-rich layers
Recharge of reservoir by 
more evolved and
enriched melts
Disaggregation and entrainment of
plagioclase-rich, non-cotectic mushes
Olivine-rich mushes
remain undisturbed Crystallisation of evolved plagioclase, olivine and clinopyroxene at three-phase gabbro eutectic
Eruption within years of
recharge by evolved melts
Growth of rims on 
primtive macrocrysts
Ice
Differentiation of a more 
enriched melt at depth
a b
dc
Crystallisation of primitive plagioclase and
olivine on two-phase cotectic
Concurrent mixing
and crystallisation
Supply of variably enriched
primitive melts from deeper
in the crust
Enriched
melt
Depleted
melt
Figure 5.10: Schematic cartoon illustrating how the Skuggafjöll magma may have been
assembled. (a) Primitive macrocrysts crystallise from geochemically variable melts in the
shallow crust. Both olivine-hosted and plagioclase-hosted melt inclusions preserve a record
of concurrent mixing and crystallisation. (b) Crystal mushes develop on the margins of
the magma reservoir and are likely to be mineralogically zoned. Association of primitive
macrocrysts with evolved melts and macrocrysts can occur via range of mechanisms. Two
possible mechanisms are outlined in (c) and (d), and Figure 5.11 respectively. (c) In one
scenario, recharge of the primitive magma reservoir by more evolved melts triggers mush
disaggregation. (d) Crystallisation of the evolved assemblage then occurs within the recharged
reservoir immediately prior to eruption.
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Figure 5.11: Schematic cartoon illustrating an alternative mechanism for how primitive
and evolved assemblages may have been juxtaposed in the Skuggafjöll magma. (a) A shallow
evolved magma reservoir experiences recharge by phyric primitive melts. The macrocrysts
in these phyric melts are derived from crystal mush disaggregation in a deeper reservoir. (b)
Following rapid and efficient mixing, crystallisation of the evolved assemblage occurs.
enrichment (mean Ce/Y ∼ 0.47–0.48 versus mean Ce/Y ∼ 0.65–0.71). Following the formation
of primitive and possibly mineralogically stratified crystal mushes at ∼0.5 kbar, the primitive
macrocrysts interacted with more evolved melts prior to eruption. These evolved and enriched
melts need not be related to the melts from which the primitive assemblage crystallised and may
have differentiated deeper in the crust, as occurred in the magmas that fed the Laki eruption
(Chapter 3). The composition of melt present in the magma reservoir must have changed rapidly
in order to cause step changes in both the crystallising assemblage (two-phase to three-phase)
and equilibrium composition of macrocryst phases (e.g. An>83 to An<79; Figure 4.11). Though
disaggregated primitive macrocrysts may have become associated with the evolved carrier liquid
via a range of processes, two plausible scenarios are outlined in Figures 5.10 and 5.11.
One mechanism for juxtaposing the primitive and evolved components of the Skuggafjöll
magma involves recharge from below of a magma reservoir containing primitive mushes by a
more evolved and enriched melt (Figure 5.10c & d). A rapid shift in melt composition could be
achieved by extraction of the primitive melt prior to the injection of evolved melts, or alterna-
tively through rapid elimination of volumetrically insignificant primitive melts by mixing. Given
that the addition of interstitial mush liquids is not recorded in the composition of whole-rock
samples, the mush liquid may have re-equilibrated with the newly injected evolved melt before
disaggregation. Simple diffusion calculations suggest that it is possible to re-equilibrate the ma-
jor element content of the interstitial liquid in a loosely bound mush within a few years without
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significantly re-equilibrating primitive mush crystals. The preservation of high-forsterite cores
in ∼1 mm olivine macrocrysts places a maximum residence time in the evolved melt of ∼30
years for primitive mush crystals using the expression of Larsson & Karlsson (1975) and DolFe-Mg
8.08 × 10−17 m2/s (Dohmen & Chakraborty, 2007). The short timescales between recharge,
disaggregation and eruption indicate that these processes are likely to be closely linked.
Alternatively, a highly phyric magma carrying primitive macrocrysts may have been injected
into a shallower reservoir containing evolved melts (5.11a & b). This mechanism is analogous
to that proposed by Passmore et al. (2012) for the Laki eruption. Highly efficient melt mixing
prior to the growth of the evolved assemblage is then required in order to homogenise primitive
and evolved liquids and decouple primitive macrocrysts from primitive melts. A key feature
of this scenario is that the volume of evolved melt involved in mixing can be small if it has a
suitably low Mg#. Sufficiently evolved melts are known from the EVZ. For example, matrix
glasses from the Laki eruption are substantially more evolved (Mg# ∼ 40) than matrix glasses
from Skuggafjöll (Mg# ∼ 53).
Following mixing of primitive macrocrysts with evolved melts, a second stage of crystallisa-
tion at the three-phase gabbro eutectic generated low-anorthite plagioclase, low-forsterite olivine
and clinopyroxene. All erupted lavas experienced similar amounts of crystallisation during this
second stage (∼13%). Geochemical variability is controlled by the amount of mush entrain-
ment rather than extent of subsequent crystallisation. As crystals in the evolved assemblage
are present in three-phase eutectic proportions (plg:cpx:ol ∼ 55:30:15 (Yang et al., 1996)), this
indicates that no fractionation of dense phases from less dense phases took place between mush
disaggregation and eruption. The non-cotectic ratio in the primitive assemblage mush must
therefore have been fixed by the end of mush entrainment.
5.11 Implications for highly phyric basalt genesis
Highly phyric basalts are common throughout the neovolcanic rift zones of Iceland (Hansen
& Grönvold, 2000; Halldórsson et al., 2008) and share a number of petrological features with
Skuggafjöll. For example, plagioclase macrocrysts show strongly bimodal compositions, with
high-anorthite cores (An80-An90) encased within low-anorthite (An60-An80) rims. Plagioclase
macrocrysts dominate macrocryst assemblages, comprising up to 30 vol.% of samples. The
forsterite content of the volumetrically small amount of olivine (<5 vol.%) associated with high-
anorthite plagioclase reaches ∼Fo86. Clinopyroxene only occurs in the most evolved samples and
as an interstitial phase within primitive nodules carried by some highly phyric basalts. Although
insufficient phase-proportion and whole-rock data are reported from other highly phyric basalts
in Iceland to employ techniques used in this study, the composition and structure of macrocrysts
strongly suggests that many eruptions across Iceland may have experienced two-stage crystalli-
sation histories similar to Skuggafjöll. Up to 15–20% of the mass of highly phyric Icelandic lavas
may therefore be sourced from disaggregated mushes crystallised from different primary melt
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distributions from the melts that carried them to the surface.
The entrainment of a troctolitic mush at Skuggafjöll implies that both olivine-rich and
plagioclase-rich cumulates are present in the EVZ crust. Transport of primitive melts to the
shallow crust (∼ 0.5 kbar; Chapter 6) promotes early saturation of anorthitic plagioclase dur-
ing fractional crystallisation and the generation of plagioclase-rich troctolites (Panjasawatwong
et al., 1995; Kohut & Nielsen, 2003). The absence of Fo>86 from eruptions in the EVZ (Hansen
& Grönvold, 2000; Passmore, 2009; Moune et al., 2012) indicates that the preceding olivine-only
stage of crystallisation is not recorded by erupted macrocrysts, possibly in part because of dif-
fusive re-equilibration (Thomson & Maclennan, 2013). Diffusion aside, substantial amounts of
dunitic material must thus reside at some depth within the EVZ crust, in order to balance the
mass of plagioclase-rich mushes and melts recorded at the surface. The most primitive melts in
the EVZ (Mg# ∼ 64) are substantially more evolved than expected for Icelandic primary melts
(Mg#66-Mg#73 (Shorttle & Maclennan, 2011)), and have experienced significant olivine-only
crystallisation in the deeper crust at >5 kbar (e.g. Chapter 3).
Trace element and Sr-isotope disequilibrium between primitive macrocrysts and their carrier
melts further illustrates the importance of multi-stage crystallisation histories in the generation
of Icelandic highly phyric basalts (Halldórsson et al., 2008). Primitive macrocrysts from Skug-
gafjöll, the Thjórsá lava and the tuff cones of Brandur, Fontur and Saxi (Halldórsson et al.,
2008) all preserve systematically more depleted compositions than the melts in which they are
erupted. While insufficient data exist to confirm whether this bias is present across the EVZ or
not, they do highlight the importance of considering the origin of each component of a magma
individually in order to determine the diversity of mantle melts supplied to the plumbing system.
Early saturation of high-anorthite plagioclase in shallow magma reservoirs, crystal mush
disaggregation and complex multi-stage crystallisation are unlikely to be unique features of
highly phyric basalt genesis in Icelandic magmatic systems. High macrocryst contents and
non-cotectic phase proportions in PUBs from mid-ocean ridge settings could be generated by
sequences of events similar to those inferred for Skuggafjöll (Lange et al., 2013b). However,
detailed investigations of intra-flow variability within submarine mid-ocean ridge lavas are rare
because of sampling complexity (Rubin et al., 2001; Soule et al., 2012). Until large suites
of samples have been collected from submarine PUBs to constrain mush properties, subaerial
analogues, such as Skuggafjöll, provide one of the best routes towards understanding highly
phyric basalt genesis.
5.12 Conclusions
Strong correlations between major and trace element concentrations in whole-rock samples col-
lected across the subglacial Skuggafjöll eruption in the EVZ of Iceland are controlled by accumu-
lation of a troctolitic assemblage containing plagioclase and olivine. Incompatible trace element
ratios, such as Zr/Y, do not vary significantly between different samples, indicating that any di-
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versity in parental melts was erased by the time of eruption. Whole-rock geochemistry correlates
well with macrocryst mass fractions, which vary from 5.9% to 46.9%, and positive correlations
between macrocryst contents and whole-rock Sr and Ni concentrations confirm that both plagio-
clase and olivine are responsible for controlling geochemical variability in whole-rock samples.
Combined whole-rock and point-counting systematics are best accounted for by accumulation
of plagioclase and olivine in a non-cotectic ratio (plg:ol ∼ 9:1).
Phase proportions in the least phyric samples are similar to those expected from crystallisa-
tion at a low pressure gabbro three-phase eutectic (plg:cpx:ol ∼ 55:30:15), whereas phase propor-
tions in the most phyric samples are dominated by plagioclase (plg:cpx:ol ∼ 8:1:1). Macrocrysts
can be divided into discrete assemblages using combined textural and composition information
in QEMSCAN® images: a primitive troctolite assemblage of large high-forsterite olivine and
high-anorthite plagioclase macrocryst cores; and an evolved gabbro assemblage of small low-
forsterite olivine, low-anorthite plagioclase and clinopyroxene macrocrysts and macrocryst rims.
This categorisation of macrocrysts into assemblages is further supported by the major element
and trace element content of macrocrysts and by CSDs.
Melt inclusions hosted within both high-forsterite olivine and high-anorthite plagioclase
macrocrysts indicate that the primitive assemblage grew from the same parental melts with
a depleted mean composition (Ce/Y ∼ 0.47–0.48). The composition of matrix glasses and
clinopyroxene macrocrysts indicate that the evolved assemblage grew from a suite of more en-
riched parental melts (Ce/Y ∼ 0.65–0.71) than the primitive assemblage. A model of two-stage
crystallisation is capable of accounting for the change in both the degree of evolution and en-
richment between melts crystallising primitive and evolved assemblages. In this model, the
first phase of crystallisation (primitive assemblage) is separated from the second stage of crys-
tallisation (evolved assemblage) by the formation and partial disaggregation of crystal mushes.
Non-cotectic proportions in the primitive macrocryst assemblage can be accounted for by crystal
entrainment from mineralogically-zoned, non-cotectic mushes.
It is intended that the findings of this study can help to direct and guide future numerical
and analogue experiments into magma reservoir dynamics as well as crystal mush formation
and disaggregation. Although there is no geochemical trace of an interstitial mush liquid in
whole-rock samples, various petrographic observations suggest that the primitive assemblage
disaggregated from a high-porosity mush. Simple diffusion calculations demonstrate that it
is possible to reset the composition of mush liquids on a sufficiently fast timescale to leave
minimal traces in the composition of mush crystals. Although a detailed treatment of diffusion
chronometry is beyond the scope of this study, simple calculations indicate that timescales
between mush disaggregation and eruption are short, in of the order of years. Processes of
recharge, mush disaggregation and eventual eruption triggering are thus likely to be intimately
related.
The record of plagioclase-rich mush disaggregation in the Skuggafjöll magma implies that
there are both olivine-rich and plagioclase-rich cumulate horizons within the crust of the EVZ.
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Crystallisation pressures of 0.5 kbar for Skuggafjöll indicate that the EVZ upper crust is likely to
contain large amounts of anorthitic plagioclase. On average, ∼17% of the mass of the Skuggafjöll
magma is comprised of crystals that have been mobilised from storage in mushes and transported
to the surface. Many highly phyric eruptions both in Iceland and along the mid-ocean ridge
system have similar macrocryst compositions, zonation patterns and phase proportions to the
Skuggafjöll eruption. These petrological similarities suggest that the crystal content of highly
phyric basalts, including PUBs, may be largely controlled by the disaggregation of non-cotectic
crystal mushes.
138
Chapter 6
Volatile-trace element systematics in
basaltic systems: records of mixing
and exsolution in the Skuggafjöll
eruption
6.1 Introduction
CO2 is considerably less soluble than H2O, S, F or Cl in basaltic melts, and depending on their
initial CO2 content, melts may become saturated with a CO2-dominated vapour at depths of 25
km or more (Dixon, 1997; Shishkina et al., 2010; Ni & Keppler, 2013). Rare examples of glasses
quenched from undersaturated melts have been reported in the literature: Saal et al. (2002)
describe a positive correlation between CO2 and Nb in matrix glasses and melt inclusions from
the Siqueiros fracture zone on the East Pacific Rise that is indicative of vapour undersaturation,
where both CO2 and Nb behave incompatibly during fractionation. CO2 fluxes have been
calculated from Nb concentrations in a number of magmatic settings using CO2/Nb values
assumed to be representative of undegassed primary melts (e.g. Workman et al., 2006; Cartigny
et al., 2008; Shaw et al., 2010). However, estimates of primary CO2/Nb vary depending on
location and measurement method: the value of 239±46 for Siqueiros determined by direct
analysis of glass by Saal et al. (2002) lies at the lower end of the global range, whereas values
of ∼570 and ∼730 for 14◦N and 34◦N on the Mid-Atlantic Ridge reconstructed from lava δ13C
contents by Cartigny et al. (2008) lie towards the upper end. The only estimate of undegassed
CO2/Nb from an Icelandic magma is 314±125 from the Borgarhraun lava flow (Hauri et al.,
2002a).
Calculations using CO2/Nb to determine initial CO2 contents generally assume that magmas
evolve along a single liquid line of descent from a primary melt with a specific Nb content.
However, it is well known from melt inclusion studies of single eruptions in Iceland that primary
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melts are highly heterogeneous in terms of their trace element and isotope compositions (e.g.
Gurenko & Chaussidon, 1995; Slater et al., 2001; Maclennan et al., 2003b; Maclennan, 2008b).
Whether primary melt heterogeneity results from the melting process or from mantle source
variability, it is expected that undegassed, enriched melts with high Nb contents would also
have high CO2 contents (Cartigny et al., 2008). In this case, a positive correlation between CO2,
Nb and the degree of melt enrichment recorded by trace element ratios such Ce/Y would be
predicted. In order to use CO2/Nb to quantify magmatic carbon budgets, a good understanding
of what controls CO2/Nb during magmatic evolution and melt mixing is required.
This chapter investigates the effects of both melt mixing and CO2 exsolution on the volatile
and trace element contents of olivine-hosted melt inclusions from the Skuggafjöll eruption de-
scribed in Chapter 4. Variability in the trace element, trace element ratio and CO2 contents of
these melt inclusions is statistically significant (Table 4.4) and PCA indicates that much of the
geochemical variabilty is correlated. While highly incompatible trace elements, such as Nb and
Zr, correlate strongly with each other, CO2, perhaps unexpectedly, correlates negatively with
incompatible trace elements (Figure 4.21). This negative correlation is unlike any previously
described relationship between CO2 and a trace element (c.f. Saal et al., 2002; Dixon et al.,
2008; Workman et al., 2006; Koleszar et al., 2009; Shaw et al., 2010; Helo et al., 2011).
While melt inclusions from Skuggafjöll provide a minimum estimate of undegassed CO2/Nb
for EVZ melts, they also highlight the risks of interpreting melt inclusion volatile data without
the corresponding trace element data. In the absence of trace element data, observed H2O-
CO2 systematics may have been understood using models of open-system degassing, magma
convection or gas flushing (e.g. Métrich & Wallace, 2008). By considering trace element data
alongside volatile data, it is demonstrated that the CO2 content of melt inclusions is controlled
by mixing between geochemically distinct parental melts that have experienced different extents
of CO2 exsolution prior to melt inclusion entrapment. Results suggest that one of the mixing
end-members achieved CO2-supersaturation during ascent to the shallow crust. Although a
number of recent studies have identified CO2-supersaturation in MORBs erupted at the surface
(e.g. Soule et al., 2012; Wanless & Shaw, 2012), the data discussed here provide evidence for
CO2-supersaturation within basaltic magma reservoirs.
6.2 Inclusion-hosted bubbles and total CO2 contents of basaltic
melt inclusions
Both volume changes and diffusive loss of volatiles can lead to the nucleation of bubbles within
melt inclusions during cooling (Roedder, 1984; Steele-Macinnis et al., 2011). The associated
drop in melt inclusion pressure may lead to the sequestration of volatiles into bubbles (Bucholz
et al., 2013). For example, Anderson & Brown (1993) suggest that a significant quantity of CO2
was transferred from melt to bubbles in bubble-bearing inclusions from Kı¯lauea-Iki Hawai’i,
prior to quenching, leading to underestimation of entrapment pressures by up to 1 kbar. Recent
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dehydration experiments carried out by Bucholz et al. (2013) indicate that as melt inclusions
lose H+ by diffusion through their host olivine, CO2 is sequestered into inclusion-hosted bubbles
at magmatic temperatures in a matter of hours. Therefore, before considering the behaviour
of CO2 during magmatic evolution, it is important to assess whether partitioning of CO2 into
bubbles is an important process at Skuggafjöll, and thus whether inclusion-hosted bubbles need
to be considered when determining the total CO2 content of melt inclusions.
If CO2 were sequestered into inclusion-hosted bubbles, then it should be possible to detect
it using laser Raman spectroscopy. The distance between the two sharp peaks at ∼1285 cm−1
and ∼1388 cm−1, which define the Fermi doublet on a Raman spectrum, is proportional to CO2
density (Frezzotti et al. 2012; and references therein). No Fermi doublets were observed in any
of the ∼200 inclusion-hosted bubbles analysed, suggesting that either no CO2 is present, or that
it is present in concentrations below the detection limit of 0.04 g/cm3 (Hartley et al., 2014).
Microthermometry also provides a means by which the density of CO2 in fluid inclusions
may be determined (e.g. Hansteen & Klugel, 2008). If CO2 were present, changes of phase
should be apparent at the triple point at −56.56°C and as liquid and gas phases homogenise at
∼30°C (Hansteen & Klugel, 2008). However, no changes in appearance could be observed in the
inclusions studied during heating/cooling stage experiments. This lends support to the Raman
observations that no or minimal CO2 is present in the inclusion-hosted bubbles.
During SIMS analysis it was possible to analyse pairs of melt inclusions within 11 olivine
grains where one inclusion possessed a inclusion-hosted bubble (bubble-present) and the other
did not (bubble absent; Figure 6.1a). In only one case (olivine 7, Figure 6.1a), the bubble-present
inclusion has significantly less CO2 than the bubble-absent inclusion. However, these inclusions
also differ in terms of their trace element content. This therefore suggests entrapment from
different aliquots of melt, rather than sequestration of CO2 into a bubble by the bubble-present
inclusion.
In total, 34 melt inclusions with inclusion-hosted bubbles and 66 without were analysed by
SIMS. Normalised cumulative probability distributions for bubble-present and bubble-absent
melt inclusions are shown in Figure 6.1b. The Kolmogorov-Smirnov (KS) test was used to ex-
amine whether bubble-present and bubble-absent melt inclusions have statistically significantly
different CO2 content distributions. When comparing the CO2 content of the two populations,
the KS statistic (D) was 0.1704, which is substantially smaller than the p-value of 0.5581 (at
95% confidence). This indicates that the null hypothesis, that there is no significant difference
between the bubble-present and bubble-absent populations, should be accepted; the the high-
CO2 tail visible in bubble-present inclusions is not significant and the differences between the
two inclusion populations are likely to relate to sampling density.
Thus inclusion-hosted bubbles in Skuggafjöll melt inclusions do not contain significant quan-
tities of CO2, and hence the concentrations measured by SIMS represent the total CO2 content
of the melt inclusions. This observation of seemingly CO2-free bubbles within melt inclusions
calls into question the assumption that inclusion-hosted bubbles are in equilibrium with their
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Figure 6.1: (a) CO2 content of bubble-absent (circles) and bubble-present (diamonds)
melt inclusions in 11 arbitrarily numbered olivine macrocrysts. Data points are coloured by
Ce/Y. When inclusions have a different CO2 content, they also have different trace element
chemistries (e.g. olivine 7). 2σ error bars are shown. These data have been presented previ-
ously in Figure 4.19b. (b) Normalised cumulative probability distributions for bubble-present
and bubble-absent melt inclusions. Analysis with the Kolmogorov-Smirnov test indicates that
the two population distributions are not statistically different.
host melt inclusion at the time of quenching, an assumption employed when using the ideal
gas law to reconstruct the total CO2 content of melt inclusions by measuring only their glassy
portions (e.g. Shaw et al., 2008, 2010).
The absence of CO2 from inclusion-hosted bubbles in Skuggafjöll inclusions may be related to
the cooling rate of samples: all of the lavas sampled at Skuggafjöll were rapidly quenched upon
eruption, so it is possible that CO2 had insufficient time to diffuse into bubbles that nucleated
on eruption. Given that melt inclusions from submarine lavas are likely to be quenched as
rapidly as inclusions from subglacial lavas, it is thus possible that bubble-melt equilibrium is
also not achieved in submarine lavas. However, recent in situ measurements of inclusion-hosted
bubbles from the ad 1783–84 Laki eruption by Raman spectroscopy indicate that up to 90%
of total inclusion CO2 is stored in inclusion-hosted bubbles (Hartley et al., 2014). The key
difference between the Laki and Skuggafjöll eruptions is that the Laki samples were transported
in thermally efficient flows for hours to days following eruption prior to quenching to glass in
lava selvages, whereas the Skuggafjöll samples were quenched on a much shorter timescale. The
discrepancy between bubble CO2 content in the two eruptions may relate to the time available for
CO2 diffusion within melt inclusions. A detailed treatment of post-entrapment CO2 behaviour
in olivine-hosted melt inclusions may thus provide insight into cooling timescales, but is beyond
the scope of this investigation.
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6.3 Diffusive re-equilibration, subglacial eruption and the H2O
content of melt inclusions and matrix glasses
Open system behaviour of H2O has been reported in a number of natural melt inclusion suites,
where melt inclusions have much lower H2O contents than would be expected at entrapment
within magma reservoirs (e.g. Shaw et al., 2008; Koleszar et al., 2009). Recent 1 atm experiments
have demonstrated that the H2O content of olivine-hosted melt inclusions can re-equilibrate
with their host melt within hours at magmatic temperatures of ∼1200◦C by fO2 independent
H+ diffusion (Gaetani et al., 2012; Bucholz et al., 2013). The near-uniform H2O content of
melt inclusions and matrix glasses from Skuggafjöll suggests that the melt inclusions may have
re-equilibrated with the matrix glass before eruption, despite recording different entrapment
pressures in their CO2 contents (Figure 4.19a). By considering the H2O-trace element system-
atics of melt inclusions from Skuggafjöll, it is possible to assess whether the H2O content of
inclusions is primary, or has been fixed by post-entrapment processes.
Prior to H2O saturation, H2O and Ce are expected to behave in a similar manner during
fractional crystallisation and mantle melting (Michael, 1995; Dixon & Clague, 2001). If the
H2O content of inclusions is controlled by fractional crystallisation or mantle melting, then melt
inclusions will have constant H2O/Ce values. If H2O is lost from melt inclusions, then H2O/Ce
will correlate positively with Ce; the higher the Ce content, the greater the effect of resetting
H2O to a fixed value throughout on H2O/Ce values. Conversely, if melt inclusions gain H2O
from a H2O-rich surrounding melt, then H2O/Ce will correlate negatively with Ce.
Melt inclusions from Skuggafjöll have variable Ce contents at a constant H2O, with low Ce
inclusions reaching very high H2O/Ce contents (Figure 6.2). Both matrix glasses and evolved
melt inclusions (hosted in Fo<84) have H2O/Ce in the range 160–280, which spans the global
range of H2O/Ce observed in undegassed MORBs (Michael, 1995). Melt inclusions hosted in
primitive melt inclusions (hosted in Fo>84) have much higher H2O/Ce values: mean H2O/Ce ∼
450 and maximum H2O/Ce ∼ 650. It is therefore likely that the majority of melt inclusions from
Skuggafjöll have experienced post-entrapment rehydration, or ‘regassing’. The H2O content of
the melt inclusions is not related to the H2O content of primary melts, but rather to the H2O
content of the final magma reservoir where macrocrysts were stored prior to eruption.
The matrix glass H2O content of 0.36±0.03 wt.% is significantly higher than the 0.08–0.10
wt.% measured in tephra glasses from the nearby Laki eruption (Guilbaud et al., 2007). H2O
contents of ∼0.1 wt.% are consistent with equilibration at atmospheric pressure (Newman &
Lowenstern, 2002; Witham et al., 2012). At Skuggafjöll, equilibration pressures of ∼1.4 MPa
and ∼5.3 MPa are calculated for an H2O content of 0.36 wt.% and CO2 contents of 0 ppm and
25 ppm respectively. 25 ppm is the detection limit of CO2 by SIMS. Elevated pressures in matrix
glasses are consistent with eruption beneath a glacier (e.g. Höskuldsson et al., 2006). Pressures
of 1.4–5.3 MPa correspond to a range in ice/water thickness of 140–530 m, assuming a density
of 1 Mg/m3 for the overlying material. A thickness of ≤530 m is substantially less than the
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Figure 6.2: H2O and Ce in melt inclusions and glasses from Skuggafjöll. Both matrix
glasses and evolved melt inclusions have H2O/Ce contents that plot within the field of global
MORB compositions (Michael, 1995). Most primitive melt inclusions plot with much higher
H2O/Ce values, however, indicating that they have experienced post-entrapment hydration.
2σ error bars are shown. Thin solid lines show contours of constant H2O/Ce.
∼1500 m estimated for central Iceland at the last glacial maximum by Hubbard et al. (2006).
Potential explanations for this discrepancy include eruption in underpressured melt cavities or
partially evacuated meltwater pools (e.g. Tuffen et al., 2010; Owen et al., 2012), or eruption at
a time when ice was thinner, such as deglaciation.
6.4 Trace element variability and binary mixing
Binary mixing models between depleted and enriched end-members are often successful in ex-
plaining incompatible trace element and isotope variability in primitive basalts (e.g. Zindler
et al., 1984; Maclennan, 2008b; Waters et al., 2011). In the case of Skuggafjöll, two mixing
scenarios were considered: firstly, between incompatible trace element depleted and enriched
end-members; and secondly, between depleted and highly enriched end-members. A depleted
end-member was calculated as the average of the three lowest Ce/Y primitive inclusions and
an enriched end-member as the average of the two highest Ce/Y inclusions, excluding the three
highly enriched primitive inclusions. Incremental mixing lines between the depleted and en-
riched end-members are shown in Figure 6.3 as solid black lines. A highly enriched end-member
was defined as the average of the two highest Ce/Y inclusions in the whole dataset. Incremental
mixing lines between depleted and highly enriched end-members are shown in Figure 6.3 as
dashed grey lines. Binary mixing is able to account for the majority of trace element variability
in the primitive melt inclusions, i.e. PC1 (Figure 4.22). Fractional crystallisation is not taken
into account in these mixing lines. Fractional crystallisation paths for each of the end-members
are shown as dark dotted lines in Figure 6.3 and assume eutectic gabbro crystallisation and
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Figure 6.3: Selected pairs of trace elements and trace element ratios measured in melt
inclusions and matrix glasses from Skuggafjöll. Melt inclusions are divided into primitive
(host > Fo84) and evolved (host < Fo84). (c) Mixing lines between depleted and enriched
end-members are shown as solid black lines. Mixing lines between depleted and highly en-
riched end-members are shown as dashed grey lines (see text for details). Depleted, enriched
and highly-enriched end-members are shown as black diamonds, white diamonds and white
squares respectively. Lines of constant ratio are shown as solid pale grey lines. Fractional
crystallisation paths for each of the end-members are shown as dark dotted lines (see text for
details). Pale grey lines show lines of constant ratio. 2σ error bars are shown. These data
have been presented previously in Figure 4.17
appropriate partition coefficients (Bindeman & Davis, 2000; Blundy & Wood, 1991; Wood &
Blundy, 1997; Bédard, 2005; Hill et al., 2010). Variable amounts of crystallisation can account
for the deviation of primitive melt inclusions away from mixing lines as well as the composition
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of evolved melt inclusions.
The ability of binary mixing and fractional crystallisation to account for the diversity of melt
inclusion compositions was assessed quantitatively using the method of Maclennan (2008a). A
misfit minimisation algorithm was used to calculate the best fitting fraction of enriched end-
member (Xe) and extent of fractional crystallisation (F ) that describe the trace element content
of individual melt inclusions given specified end-members. Further details are provided in Ap-
pendix C. The mean misfit between the observed and predicted compositions is less than 5%
for all fitted elements (except Lu ∼7%). The standard deviation of the misfit is similar to the
analytical uncertainty (<15% for all cases), and is less than 5% for well measured elements such
as Ti, Sr, Ce and Y (Figure 6.4). The values of Xe returned from the fits correlate extremely well
with observed Ce/Y values (r = 0.96). The trace element content of Skuggafjöll melt inclusions
are therefore explained well by a combination of melt mixing and fractional crystallisation.
Comparison of end-member compositions with a large database of Icelandic primitive melts
demonstrates that they are well within the compositional range known from other systems, and
are therefore feasible parental melt compositions (Figure 6.5). The end-member compositions
themselves are likely to be the result of mixing of more diverse mantle melts during earlier stor-
age in the crust and uppermost mantle (Maclennan, 2008a), and transport from the melt source
region (Rudge et al., 2013). For example, the substantial decrease in melt inclusion variabil-
ity over the crystallisation interval from Fo89 to Fo87 reported at Borgarhraun by Maclennan
et al. (2003a) took place at a more primitive stage of melt evolution than that recorded in any
inclusions from Skuggafjöll.
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Figure 6.4: The trace element content of olivine-hosted melt inclusions is well explained by
a combination of mixing and fractional crystallisation. The misfit between average predicted
and observed melt inclusions compositions in Skuggafjöll (black line) is less than 7% for
all elements considered, and significantly less for elements measured with high precision.
Furthermore, the standard deviation of misfit for all melt inclusions is less than 15% for all
elements considered (black dashed lines) and comparable to estimates of precision (red lines).
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Figure 6.5: Comparison of end-members selected for mixing calculations on Skuggafjöll
with Icelandic melt compositions (see Appendix B for a list of sources.) All end-members lie
within the range of compositions observed in Icelandic lavas.
The differences in trace element content between the depleted and enriched end-members
can be explained by variable partitioning behaviour of elements during fractional melting of
a heterogeneous mantle (Gurenko & Chaussidon, 1995; Maclennan et al., 2003a; Rudge et al.,
2013). The anomalous Sr content of the depleted melts, as highlighted by PCA (Figure 4.22),
cannot, however, be easily explained by mantle melting. Nevertheless, within the melt inclusion
dataset the Sr content of melts can be accounted for by binary mixing and fractional crystalli-
sation. Positive Sr anomalies in depleted parental melts must therefore have been generated
before these melts mixed with enriched melts.
A likely cause of Sr enrichment in primitive basalts is by dissolution of Sr-rich plagioclase (e.g.
Bédard, 1993; Danyushevsky et al., 2004; Gurenko & Sobolev, 2006). Depleted melt inclusions
have an excess Sr content of ∼35 ppm assuming that primitive melts have Sr/Ce values of ∼14
prior to plagioclase assimilation. The initial Sr/Ce value of ∼14 is based on highly primitive melt
inclusion compositions – melt inclusions hosted in ∼Fo90 macrocrysts – from the Borgarhraun
eruption (Maclennan et al., 2003b). It is difficult to estimate the reliability of this primary
Sr/Ce estimate, however, because similarly depleted melts (Ce/Y ≤ 0.3) almost always have
high Sr/Ce contents (Sr/Ce > 15), and hence show evidence for plagioclase assimilation (Figure
6.5). The Sr/Ce ratio of the depleted end-member at Skuggafjöll (∼20) can be reproduced by
∼35% bulk assimilation of plagioclase containing ∼200 ppm Sr (Figure 4.14). If olivine is added
to the depleted end-member until the melt is in equilibrium with Icelandic depleted primary
melts from Shorttle & Maclennan (2011), then the trace element content of the melt is lower,
and only ∼15% bulk plagioclase assimilation is required to achieve an Sr/Ce of ∼ 20.
Nevertheless, adding 15% plagioclase to a melt will have a significant effect on its major el-
ement chemistry, particularly on its Al2O3 content. However instead, no correlation is observed
between Sr and Al2O3 (Figure 4.20), suggesting that plagioclase assimilation may have been bal-
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Figure 6.6: (a) Plot of CO2 against Ce/Y. Primitive melt inclusions are shown as circles and
evolved melt inclusions as diamonds. The mixing line between depleted and enriched end-
members is shown as a solid black line. The mixing line between depleted and highly enriched
end-members is shown as a dashed grey line. Depleted, enriched and highly-enriched end-
members are shown as black diamonds, white diamonds and white squares respectively. 2σ
error bars are shown. The CO2 content of melt inclusions can be explained by a combination
of mixing and degassing. (b) Plot of CO2 observed in melt inclusions against the CO2 content
predicted from binary mixing between depleted and enriched end-members. The one-to-one
line is shown as a solid line. Dashed lines show the 2σ error in CO2 measurements. Inclusions
that have not degassed prior to mixing lie along the one-to-one line, whereas those that have
lost CO2 lie below the line.
anced by crystallisation of other phases, such as Al-rich chromite and olivine (e.g. Bédard, 1993;
Danyushevsky et al., 2004). Both Al-rich chromite and olivine are found associated with high-
anorthite plagioclase in samples from Skuggafjöll. Reaction of hot, plagioclase-undersaturated
melts with plagioclase macrocrysts may thus provide a way to generate depleted melts with Sr
anomalies within the Icelandic crust, although the details of how this occurs remains unclear.
6.5 Generating a negative correlation between trace element
enrichment and CO2 content
If CO2 and Nb both behaved incompatibly during the evolution and mixing of the Skuggafjöll
magma, they would correlate positively (e.g. Saal et al., 2002). While poor correlations between
CO2 and incompatible trace elements can be explained by variable extents of CO2 exsolution
prior to melt inclusion entrapment (e.g. Koleszar et al., 2009), negative correlations such as
those observed at Skuggafjöll appear unlikely to have arisen from haphazard exsolution of CO2
alone. Generating a negative correlation between CO2 and Nb by concurrent CO2 exsolution
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and fractional crystallisation can be ruled out because CO2 also correlates negatively with trace
element ratios that can only be fractionated significantly during mantle melting, such as Ce/Y
(r = −0.59, excluding highly enriched inclusions). Depleted inclusions with Ce/Y < 0.4 have
generally high CO2 contents, whereas enriched inclusions with Ce/Y > 0.55 have low CO2
contents (Figure 6.6a). This negative correlation implies that enriched melts have exsolved
much more CO2 than depleted melts prior to inclusion entrapment.
It is important to note, however, that binary mixing is unable to account for all of the
variability in melt inclusion CO2 contents. Although some primitive inclusions lie on a mixing
line between a depleted, high-CO2 end-member and an enriched, low-CO2 end-member (Figure
6.6a), many inclusions have significantly less CO2 than predicted from binary mixing models
(Figure 6.6b). Therefore, while mixing and fractional crystallisation can account for melt inclu-
sion trace element contents, additional CO2 exsolution is required to explain the CO2 contents
of some melt inclusions.
CO2/Nb values of ∼400 in depleted melt inclusions are higher than values of 239±46 re-
ported for Siqueiros (Saal et al., 2002), but consistent with a value of 314±125 reported for
Borgarhraun, northern Iceland (Hauri et al., 2002a). High CO2/Nb values suggest that de-
pleted melts experienced little or possibly no CO2 exsolution prior to inclusion entrapment, and
provide the best current estimate of CO2/Nb in primitive melts from the EVZ. In contrast, the
low CO2/Nb values in enriched melt inclusions (50–100) suggest that enriched melts experi-
enced significant CO2 exsolution prior to inclusion entrapment. The CO2 content of ∼300 ppm
in enriched inclusions is consistent with a ∼0.5 kbar depth of magma storage, according to the
VolatileCalc and SolEx H2O-CO2 solubility models of Newman & Lowenstern (2002) and
Witham et al. (2012) respectively (Figure 4.19a). However, the CO2 content of ∼1200 ppm in
depleted inclusions suggests entrapment at ∼1.5 kbar or greater.
Melt inclusion trace element systematics provide strong evidence for the juxtaposition and
mixing of depleted and enriched melts within the same magma reservoir. It is not clear, however,
when the exsolution of CO2 from enriched melts occurred with respect to mixing with depleted
melts. Two scenarios can be considered: firstly, that all CO2 exsolution occurred while depleted
and enriched melts were mixing; and secondly, that the majority of CO2 exsolution from enriched
melts occurred before mixing.
In the first scenario, geochemically variable and CO2-rich melts would be delivered to a shal-
low magma reservoir at a depth recorded by the lowest CO2 melt inclusions. Assuming that both
depleted and enriched melts had a similar primary CO2/Nb of ∼400 and experienced no prior
degassing, enriched melts would attain higher supersaturation pressures in a shallow reservoir.
According to SolEx, an undegassed depleted melt with 3.1 ppm Nb would reach a supersat-
uration pressure of ∼1 kbar at a depth of 0.5 kbar, whereas an enriched melt with 4.2 ppm
Nb would reach a supersaturation pressure of ∼1.5 kbar. Therefore, enriched melts may have
exsolved CO2 more efficiently than depleted melts, generating a negative correlation between
CO2 and trace element enrichment. In this scenario, enriched melts would rapidly exsolve CO2,
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Skuggafjöll
a b
dc
Exsolution of CO2 from enriched melts
Concurrent crystallisation, mixing
and exsolution of CO2
Supply of high-Ce/Y enriched
melts from the mantle
Melt storage in a magma
reservoir at ~0.5 kbar
Supersaturation of CO2
at shallow depths
Supply of low-Ce/Y depleted
melts from the mantle
Crystal mush formation and
continued CO2 exsolution
Continued supply of variable mantle
melts, mixing and crystallisation
Interaction between primitive
macrocrysts and evolved
melts (see Chapter 5)
Entrapment of evolved melt
inclusions and eruption
Evolved melt
Figure 6.7: Summary cartoon outlining the magmatic processes inferred for a scenario where
enriched melts exsolved most of their initial CO2 before mixing. (a) Storage of an enriched
melt at shallow levels (∼0.5 kbar) in the crust. The enriched melt loses much of its initial
CO2 content. Enriched melt therefore attain an equilibrium CO2 content of ∼300 ppm and
have a low CO2/Nb values of 50–100. (b) Injection of a depleted and CO2-supersaturated
melt with CO2/Nb ∼ 400. Melt inclusions are trapped as the melts stir, mix, cool and
crystallise. CO2-supersaturated melts exsolve CO2 during mixing, leading to the trapping
of melt inclusions with a range of CO2-supersaturated to CO2-saturated compositions. (c)
Storage of primitive macrocrysts while injection of variable mantle melts into the magma
reservoir continues. (d) Interaction of macrocrysts containing primitive inclusions with more
evolved and enriched melts shortly before eruption and trapping of evolved melt inclusions.
Mechanisms by which primitive macrocrysts and evolved melts may interact are discussed in
detail in Chapter 5.
150
6. Volatile-trace element systematics: Skuggafjöll eruption
resulting in the entrapment of low-CO2 inclusions. In contrast, depleted melts would exsolve
little or no CO2 before entrapment, resulting in the entrapment of high-CO2, supersaturated
inclusions. Similar arguments have been put forward by Gonnermann & Mukhopadhyay (2007)
to explain why the exsolution CO2 and noble gases from volatile-rich OIBs is more efficient than
from volatile-poor MORBs. Recent experiments have indicated that supersaturation pressures
of ∼1.5 kbar are required for rapid CO2 bubble nucleation to occur (Lensky et al., 2006; Picha-
vant et al., 2013), further suggesting that enriched melts are more likely than depleted melts to
have reached the supersaturation required to trigger CO2 exsolution.
In the second scenario, the diversity of melt inclusion compositions can be explained using
a two-stage CO2 exsolution model involving the injection of depleted and CO2-supersaturated
melts into a shallow reservoir containing enriched melts that have already exsolved much of
their original CO2 (Figure 6.7). In this scenario, variability in both the trace element and CO2
contents of primitive melt inclusions depends on the proportions in which end-members are
mixed. Melt inclusions trapped before the second stage of CO2 exsolution have CO2 contents
that lie along mixing lines (Figure 6.6a and b). Inclusions trapped during the second stage of
syn-mixing CO2 exsolution have CO2 concentrations that lie off of mixing lines towards lower
CO2 contents (Figure 6.6a and b).
Although most primitive melt inclusion compositions can be explained with a single mixing
event, highly-enriched and evolved melt inclusion compositions cannot (Figure 6.6a). Injection
of highly-enriched melts at a later stage could explain the presence of highly-enriched inclusions,
which may not be related simply to the rest of the primitive inclusion population. The disparity
between the mean primitive melt inclusion composition (Ce/Y ∼ 0.47) and the matrix glass
composition (Ce/Y ∼ 0.65) suggests that the primitive Skuggafjöll magma interacted with more
enriched melts prior to eruption. It is also possible that further batches of CO2-supersaturated
melt were injected when the magma was more evolved, explaining the CO2-rich evolved melt
inclusion that lies on a mixing line between depleted and highly-enriched melts (Figure 6.6a).
While it is difficult to rule out either of these scenarios for generating a negative correlation
between trace element enrichment and CO2 content, they share two important features: firstly,
mixing controls melt CO2 contents, whether by determining the extent of supersaturation or
by stirring together melts that have experienced varying amounts of prior CO2 exsolution; and
secondly, depleted inclusions trap CO2-supersaturated melts. In order to consider whether the
trapping of CO2-supersaturated melt inclusions is feasible, it is important to consider how CO2
supersaturation may develop and be maintained in ascending and mixing basalts.
6.6 Maintaining CO2-supersaturation in basaltic melts during
ascent and mixing
It is well established that CO2 concentrations in submarine basaltic glasses often exceed equilib-
rium concentrations predicted from solubility models (Fine & Stolper, 1986; Dixon et al., 1988;
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Cartigny et al., 2008; Helo et al., 2011; Wanless & Shaw, 2012; Soule et al., 2012, 2013). It
is therefore possible for basalts to be transported from magma reservoirs to the surface faster
than CO2 can exsolve and to become CO2-supersaturated. In recent experiments, Pichavant
et al. (2013) investigated vesiculation of basalts from Stromboli by simulating ascent from 2–2.5
kbar to 0.25–0.5 kbar. Although the compositions investigated were more hydrous than those
at Skuggafjöll (2.7–3.8 wt.% H2O versus ∼0.4 wt.%), the following observations are particularly
relevant: firstly, CO2 concentrations of up to one order of magnitude higher than solubility were
generated at decompression rates of 0.25–1.5 m/s (though these rates are high in comparison
with ascent rates inferred from petrological studies in other locations (c.f. Rutherford, 2008));
secondly, these CO2 excesses correspond to supersaturation pressures of ∼1.5 kbar; and thirdly,
CO2 exsolution was primarily controlled by vesicularity. At low vesicularities, CO2 exsolution
was limited by the rate of CO2 diffusion through the melt rather than the rate of CO2 trans-
fer across melt/vesicle interfaces, resulting in disequilibrium degassing (e.g. Mangan & Sisson,
2000). Low vesicularities were generated in experimental runs with high CO2 and low H2O
contents, where H2O exsolution was inhibited and vesicle nucleation therefore reduced: H2O
vesicle nucleation is more favourable than CO2 vesicle nucleation (Bottinga & Javoy, 1990; Bai
et al., 2008).
Depleted melts from Skuggafjöll have similar CO2 contents to the experimental melts of
Pichavant et al. (2013), but much lower H2O contents. It follows that vesicularity would be
very low in melts supplying the Skuggafjöll magma reservoir and that CO2 exsolution would,
as a consequence, be diffusion-limited and inefficient. Therefore, not only would it be possible
for CO2 supersaturation to develop during supply of basalts to shallow magma reservoirs, but
it should perhaps be expected in H2O-poor and CO2-rich systems.
In order to assess how long a depleted and CO2-supersaturated melt might maintain CO2
supersaturation following intrusion into a magma reservoir at ∼0.5 kbar, calculations were per-
formed using the relationship provided by Epstein & Plesset (1950) for the stability of bubbles
in undersaturated or supersaturated solutions:
(r/r0)2 = 1 + [2D(ci − cs)/ρr02]t (6.1)
where r0 is the initial vesicle radius, D is the diffusion coefficient of CO2, (ci−cs) is the difference
between the initial CO2-supersaturated content (ci; 1250 ppm) and the CO2-saturated content
at equilibrium (cs; 300 ppm), ρ is the density of the CO2 in vesicles and r is the vesicle radius
after time t. r0 is assumed to be small (1 nm) because vesicles are not inherited from previous
degassing events. Increasing the initial radius by up to a few orders of magnitude does not
significantly affect results, as vesicle-melt equilibrium is rapidly achieved. D was calculated as
7.54 × 10−12 m/s2 using equation 11 of Ni & Keppler (2013) at 0.5 kbar and 1200◦C. ρ was
calculated using Holland & Powell (1991) at 0.5 kbar and 1200◦C. In order to account for the
decrease in (ci − cs) with time as CO2 exsolves, we employed the technique used by Soule et al.
(2012, 2013) where (ci − cs) was recalculated after each time step. However, there are two
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Figure 6.8: (a) Vesicle size distributions (VSDs) for two thin sections from Skuggafjöll.
Data are shown as circles. Linear regressions through VSDs used to calculated Nt values are
shown as lines. Data from undersampled bins containing the smallest and largest vesicles
were not included in regressions. The two thin sections record Nt values of 4.9 × 103 cm−3
and 2.2 × 104 cm−3. (b) Plot showing how the CO2 content of CO2-supersaturated basalts
with an initial CO2 content of 1250 ppm evolve as they exsolve CO2 in a shallow magma
reservoir at 0.5 kbar. CO2 exsolution trajectories were calculated range of vesicle number
densities (Nt). A maximum Nt value of 2.5× 104 cm−3 was estimated from the VSDs shown
in (a). Nt values for deep CO2 exsolution are likely to be much lower, resulting in longer
exsolution timescales.
main sources of uncertainty in using the relationship of Epstein & Plesset (1950) to estimate
timescales of CO2 exsolution.
Firstly, in order to determine how much CO2 is lost from a given volume of melt, an estimate
of the number density of vesicles (Nt) is required. Although Nt values for stored melts are poorly
constrained, it is possible to estimate maximum Nt values from vesicle size distributions (VSDs)
calculated from erupted lavas. Given that nucleation rates are likely to be higher during eruption
than during deep storage, lavas quenched shortly after eruption record the highest values of Nt
experienced by the magma, and thus provide an upper limit on Nt at depth. The size of vesicles
in a magma can be described by the following relationship (Sarda & Graham, 1990; Mangan
et al., 1993):
n = n0exp(−L/Gt) (6.2)
where n is the number density of bubbles of a given size per unit volume of melt, L is the bubble
diameter, n0 is the number density of nuclei, G is the mean growth rate of bubbles, and t is
time. Nt can then be estimated using the expression:
Nt = n0Gt (6.3)
153
6. Volatile-trace element systematics: Skuggafjöll eruption
where n0 is given by the intercept of a VSD when plotted as L versus ln(n), and −1/Gt is
the slope (Mangan et al., 1993). VSDs calculated for two thin sections from Skuggafjöll are
shown in Figure 6.8a. VSD calculation methods are provided in the supplementary material.
Nt values of 4.9 × 103 cm−3 and 2.2 × 104 cm−3 calculated from VSDs are similar to average
values of 7.9 × 103 cm−3 and 4.0 × 103 cm−3 for MORB and Kı¯lauea respectively calculated
using similar techniques (Sarda & Graham, 1990; Mangan et al., 1993). Values of Nt relevant
to CO2 exsolution at depth within the Skuggafjöll are likely to have been significantly smaller
than these maximum estimates.
Secondly, calculations using the relationship of Epstein & Plesset (1950) assume that all
vesicles have nucleated before the onset of CO2 exsolution, and that no further nucleation
occurs whilst vesicles are growing. Both of these assumptions are likely to be incorrect. Vesicle
nucleation will only start once melts reach a critical supersaturation pressure during ascent and
will continue as long as melts are sufficiently supersaturated regardless of whether vesicle growth
is also occurring. The CO2 exsolution timescales calculated here are thus minimum estimates
for the following reasons: firstly, Nt values estimated from erupted basalts represent maximum
vesicle number densities; and secondly, assuming that nucleation was complete at the time of
intrusion with lead to Nt being overestimated.
Estimated timescales for CO2 exsolution are presented in Figure 6.8b. Even under the
conditions most conducive to CO2 loss, (i.e. high Nt), significant quantities of CO2 (>1000
ppm) may be retained by intruding melts for hours after intrusion. If vesicle nucleation rates
were low and vesicle number densities were significantly lower than the maximum estimate of
2.2 × 104 cm−3, CO2 supersaturation could be maintained for days after intrusion to shallow
levels (∼0.5 kbar in this case). Coupling of CO2 exsolution and mixing processes suggests that
melt inclusion entrapment and crystallisation also occurred on the same time scale. It is thus
possible that CO2 exsolution may play role in driving the crystallisation responsible for inclusion
formation.
6.7 Implications for the interpretation of volatile data in melt
inclusions
While melt inclusions provide important glimpses into the behaviour of volatiles during the deep
evolution of magmas, errors may arise during interpretation of inclusion data if volatile species
are considered in isolation from trace elements. For example, the large variation of CO2 content
at a constant H2O content shown in Figure 4.19a could be interpreted as evidence for any of
the following: open system degassing (e.g. Dixon & Stolper, 1995); entrapment at a range of
pressures in a complex magma reservoir; or possibly flushing of shallow melts by CO2-rich gases
sourced deeper in the plumbing system (e.g. Métrich & Wallace, 2008). However, correlation
of CO2 with indicators of melt enrichment that can only be fractionated significantly during
mantle melting, such as Ce/Y, provides the crucial evidence that melt mixing plays an important
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role in controlling the CO2 and CO2/Nb contents of Skuggafjöll melt inclusions. Additionally,
identification of possible CO2-supersaturation in the most incompatible trace element depleted
melt inclusions illustrates a limitation of using the volatile content of melt inclusions to determine
magma storage depths. The most likely depth of melt mixing and storage at Skuggafjöll is ∼0.5
kbar. Depths of up to ∼1.5 kbar obtained from CO2-supersaturated, depleted melt inclusions
probably overestimate the pressure of melt inclusion entrapment.
6.8 Conclusions
Measurements of both volatiles and trace elements in a suite of olivine-hosted melt inclusions
from the Skuggafjöll eruption in the EVZ of Iceland have been used to investigate the relationship
between mixing and degassing processes during magmatic evolution. The majority of melt
inclusions are more primitive than the erupted carrier liquid. The trace element content of melt
inclusions can be well explained by a combination of mixing of variably enriched melts and
fractional crystallisation. The compositions of end-member melts reflect incomplete mixing of
variable melts generated during mantle melting, and lie within the known range for Icelandic
primitive melts. Depleted melt inclusions have positive Sr-anomalies, which suggest that parental
depleted melts either assimilated or reacted with plagioclase deep in the plumbing system prior
to mixing with enriched melts.
The uniform H2O content of both melt inclusions and matrix glasses indicates that melt
inclusions re-equilibrated with their host melt prior to subglacial eruption. H2O degassing
was restricted by an overburden of water and/or ice, and consequently both melt inclusion
and matrix glass H2O contents are thus similar to pre-eruptive contents. Melt inclusion trace
element enrichment correlates negatively with CO2 content: depleted melt inclusions have high
and possibly original CO2 contents and CO2/Nb values, whereas enriched melt inclusions have
low CO2 contents and CO2/Nb values. The total CO2 content of melt inclusions is not affected
by CO2 sequestration into inclusion-hosted bubbles because of rapid quenching shortly after
eruption. The negative correlation between trace element enrichment and CO2 content may be
generated by efficient exsolution of CO2 from enriched melts either during or before mixing with
CO2-supersaturated depleted melts. The diversity in melt inclusion compositions can thus be
accounted for by entrapment of melt inclusions following varying degrees of mixing and CO2
exsolution.
H2O-poor basalts are likely to become CO2-supersaturated during ascent within the crust.
Simple calculations that consider the growth of bubbles in basaltic melts suggest that melts may
be able maintain CO2 contents above equilibrium for hours to days following transport to shallow
magma reservoirs. CO2-supersaturation probably occurs because of a combination of slow CO2
diffusion within basaltic melts and the inhibition of vesicle nucleation at low degrees of CO2-
supersaturation. Magma mixing processes are thus able produce H2O-CO2 systematics that
appear similar to those generated from CO2 exsolution processes alone. Mixing and exsolution
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processes were disentangled in this study of the Skuggafjöll eruption by measuring both trace
elements and CO2. The negative correlation between CO2 and degree of melt enrichment (i.e.
Ce/Y) requires that high and low CO2 contents are associated with geochemically distinct mantle
melts; incompatible trace element ratios cannot be significantly modified by either fractional
crystallisation or CO2 degassing. Maintaining CO2-supersaturation in ascending melts may lead
to overestimation of entrapment depths derived from the volatile content of melt inclusions when
considered in isolation from other information. However, the presence of CO2-supersaturation
in melt inclusions does have the potential to enable timescales of crystallisation and inclusion
entrapment to be determined.
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Chapter 7
Summary of findings, research
contexts and future directions
Magmatic processes in basaltic systems have been investigated using two eruptions in the Eastern
Volcanic Zone of Iceland: the well-studied ad 1783–84 Laki eruption and the hitherto uncharac-
terised Skuggafjöll eruption. Crystal textures were studied using optical microscopy and SEM
imagery. Macrocryst major and trace element compositions were determined by EPMA and
rock textures investigated using CSDs. In the case of the Skuggafjöll eruption, information from
QEMSCAN® imagery and trace element analyses of macrocrysts by LA-ICP-MS and SIMS were
also considered. Causes of geochemical variability within the Skuggafjöll eruption were explored
using a suite of whole-rock samples collected from across the eruption that were analysed for
major and trace elements by XRF and ICP-MS. Phase proportions were also determined in the
same samples by point-counting. Records of melt mixing and evolution have also been investi-
gated using both major element (EPMA) and trace element (SIMS) analyses of olivine-hosted
melt inclusions. In the case of the Laki eruption melt inclusion data were collected by Passmore
(2009), whereas in the case of the Skuggafjöll eruption, new data were collected specifically for
this thesis. Volatiles (CO2, H2O, F and SO2) were measured in olivine-hosted melt inclusions
from Skuggafjöll in order to investigate the effects of magma mixing on the volatile content of
basalts. Furthermore, a small number of plagioclase-hosted melt inclusions from Skuggafjöll
were analysed by LA-ICP-MS for comparison with data from olivine-hosted melt inclusions.
This final chapter is divided into three parts: firstly, key findings are summarised; secondly,
these findings are placed into context on regional and global scales; and thirdly, some possible
directions for future research are outlined.
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7.1 Summary of principal findings
7.1.1 Deep magmatic processes recorded in the ad 1783–84 Laki eruption
Investigation of crystal-melt relationships preserved in the erupted products of the Laki erup-
tion reveals that magmatic evolution was complex, poly-phase and probably polybaric. The
trace element composition of olivine-hosted melt inclusions indicates that concurrent mixing
and crystallisation of variable mantle melts occurred in the deep parts of the Laki plumbing
system. Magmatic evolution is also recorded in crystal zonation patterns. Zoned plagioclase
macrocrysts are made up of three distinct domains: high-anorthite cores (An>83), oscillatory
zoned mantles (∼An75) and low-anorthite rims (An<70). Published mineral-melt equilibrium
models indicate that macrocryst rims are in equilibrium with the carrier liquid erupted at low
pressure. High-anorthite contents are more primitive than any other crystal or melt inclusion
composition in the magma, and are never in equilibrium with melts generated by fractional crys-
tallisation when single liquid line of descent resulting in the carrier liquid is assumed. It is likely
that high-anorthite contents may have grown from depleted, high Ca/Na melts of the shallow
mantle that were mixed into melts parental to the carrier liquid early in magmatic evolution.
A plagioclase CSD suggests that plagioclase macrocrysts with high-anorthite cores represent an
accumulated population. Cores have acted as nuclei for the growth of oscillatory zoned plagio-
clase mantles. It is possible to relate the range of plagioclase mantle compositions to the carrier
liquid using fractional crystallisation models involving co-crystallisation with clinopyroxene and
olivine at the three-phase gabbro eutectic. A consistent negative correlation between titanium
and anorthite content in plagioclase mantles confirms that oscillatory zoning is driven by vari-
ations in melt composition, most probably as a result of repeated recharge and fractionation
events in a dynamic magma reservoir.
Melt barometry indicates that the melt last equilibrated with olivine, plagioclase and clinopy-
roxene in the shallow crust at 1–2 kbar. However, clinopyroxene-melt barometry suggests that
the bulk of macrocryst growth occurred within the mid-crust at 2–5.4 kbar. The reliability of
clinopyroxene-melt barometry calculations is not guaranteed, though in the case of the Laki
eruption, melt inclusion entrapment pressures confirm the role of mid-crustal crystallisation in
the generation of the Laki magma (Hartley et al., 2014). Much of the macrocryst content of
the Laki lava occurs as glomerocrysts, of which only rims in contact with the groundmass are
in equilibrium with the carrier liquid. This indicates that glomerocrysts formed before rim
growth, during formation of crystal mushes in the mid-crust, which subsequently disaggregated
upon transport to the shallow crust. Polybaric crystallisation in the Laki system supports a
stacked-sill model of plumbing system geometry in Iceland, where melt evolves and is stored at
a range of depths, and a significant proportion of crystallisation occurs in the mid-to-lower crust.
Despite its exceptional size and high eruption rates, magmatic evolution in the Laki system was
governed by the same processes as smaller eruptions elsewhere in Iceland.
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7.1.2 Crystal storage and transfer in the Skuggafjöll eruption
Although hand specimens from the Skuggafjöll eruption appear uniformly highly phyric at first
glance, detailed geochemical and textural analyses uncover statistically robust variability. Un-
derstanding the causes of this variability helps significantly to determine pre-eruptive magma
reservoir processes. Both crystal content and phase proportions vary between samples: the
least phyric samples have phase proportions similar to a low pressure three-phase gabbro eu-
tectic (plg:cpx:ol in the ratio 55:30:15), whereas highly phyric samples are strongly enriched
in plagioclase (plg:cpx:ol in the ratio 8:1:1). Statistically significant geochemical variability in
28 whole-rock samples collected can be explained by variable accumulation of a troctolitic as-
semblage containing plagioclase and olivine in an approximately 9:1 ratio. Positive correlations
between macrocryst contents and whole-rock Sr and Ni concentrations confirm that both plagio-
clase and olivine are responsible for controlling geochemical variability in whole-rock samples.
Incompatible trace element ratios, such as Zr/Y, do not vary significantly between different
samples, indicating that any diversity in parental melts was erased by the time of eruption, and
also that the composition of erupted material did not change with time.
Two macrocryst assemblages are defined using the compositional and textural informa-
tion recorded in QEMSCAN® images: a primitive assemblage of high-anorthite plagioclase
(An>83) and high-forsterite olivine (Fo>84); and an evolved assemblage of low-anorthite plagio-
clase (An<79), low forsterite olivine (Fo<82) and clinopyroxene (Mg# ∼ 82). Plagioclase and
olivine have strongly bimodal composition distributions whereas the composition distribution
of clinopyroxene is unimodal. The mean trace element content of melt inclusions hosted within
high-forsterite olivine and high-anorthite plagioclase macrocrysts is the same (Ce/Y ∼ 0.47–
0.48), confirming that both primitive macrocryst phases crystallised from the same distribution
of melts. Clinopyroxene macrocrysts and matrix glasses are in Ce/Yb (and by implication Ce/Y)
equilibrium with each other, indicating that the evolved assemblage crystallised from melts with
a more enriched mean composition (Ce/Y ∼ 0.65–71) than the primitive assemblage.
Variability in whole-rock, macrocryst and melt inclusion compositions suggest that the Skug-
gafjöll magma experienced two stages of crystallisation. Primitive macrocrysts crystallised first
from depleted melts within a magma reservoir in the shallow crust. These macrocrysts were
subsequently stored in mineralogically zoned crystal mushes. Disaggregation of plagioclase-rich
portions of the crystal mush then supplied primitive macrocrysts to the evolved and enriched
magma from which the evolved assemblage crystallised. On average, ∼17% of the erupted mass
at Skuggafjöll is composed of accumulated macrocrysts entrained from crystal mushes. The
timescale between mush disaggregation and eruption, during which crystal accumulation oc-
curred, is short – in the order of years – according to simple diffusion calculations. Striking
petrological similarities between Skuggafjöll and other highly phyric eruptions, both in Iceland
and along mid-ocean ridges, indicate that crystal accumulation by mush disaggregation is likely
to be an important mechanism for generating highly phyric basalts in basaltic plumbing systems.
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7.1.3 Trace-element volatile systematics in the Skuggafjöll eruption
Olivine-hosted melt inclusions from the Skuggafjöll eruption preserve statistically significant
and correlated variability in both their trace element and CO2 contents. Variation in the trace
element content of melt inclusions can be accounted for by incomplete mixing of diverse mantle
parental melts, accompanied by variable extents of fractional crystallisation. Binary mixing
between an incompatible element enriched melt and a depleted melt provides a good match to
observed variation in trace element ratios such as Ce/Y. The uniform H2O content of melt inclu-
sions and matrix glasses can be accounted for by eruption beneath ice and/or water. Neverthe-
less, ice/water thickness must have been sufficiently shallow to enable extensive CO2 exsolution.
High H2O/Ce values combined with variable Ce and Ce/Y contents at constant H2O provide
strong evidence for hydration of primitive, H2O-poor inclusions before eruption by inward dif-
fusion of H+ from an evolved, H2O-rich carrier liquid.
Surprisingly, the CO2 content of melt inclusions correlates negatively with their degree of
enrichment, indicating that parental melts experienced different CO2 exsolution histories prior
to mixing and entrapment. Depleted inclusions with ∼1200 ppm CO2 have high CO2/Nb ratios
(∼400) indicating that they underwent little or no degassing before mixing. Enriched inclusions
contain ∼300 ppm CO2, have low CO2/Nb ratios (50–100) and are likely to have lost much of
their original CO2 content during earlier magmatic evolution. Particular care was taken to assess
whether CO2 sequestration into inclusion-hosted bubbles was important during the cooling of
melt inclusions from Skuggafjöll: inclusion-hosted bubbles were investigated using both Raman
spectroscopy and a heating/cooling stage. A key observation is that inclusion-hosted bubbles
from the rapidly quenched Skuggafjöll eruption do not contain appreciable quantities of CO2,
unlike inclusion-hosted bubbles from olivine-hosted melt inclusions within the nearby, slowly-
cooled Laki eruption (c.f. Hartley et al., 2014).
Some melt inclusions have a lower CO2 contents than predicted from models of binary mixing
of enriched, degassed melts with depleted, undegassed melts. This misfit can be accounted for
by CO2 exsolution, mixing and entrapment of melt inclusions occurring concurrently, following
the injection of a CO2-rich, depleted melt into a CO2-poor, enriched melt. Magma mixing
processes are thus able produce H2O-CO2 systematics that are similar to those arising from
CO2 exsolution processes alone; correlations between CO2 and measures of melt enrichment
such as Ce/Y require mixing of geochemically distinct parental melts as well as CO2 exsolution.
Enriched inclusions record entrapment pressures of ∼0.5 kbar, which corresponds to the depth
of magma mixing. Higher pressures recorded in depleted inclusions result from the development
of CO2-supersaturation during ascent of depleted melts from storage at ∼1.5 kbar or deeper.
CO2 exsolution is inefficient prior to H2O saturation in basaltic melts because of the slow rate
of CO2 diffusion. Simple calculations suggest that CO2-supersaturation could be maintained in
the depleted melts for hours to days after delivery to the shallow crust. If the conditions of CO2
vesicle nucleation were better understood, then the presence of CO2-supersaturation in melt
inclusions would have the potential to determine timescales of entrapment and crystallisation.
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7.2 The petrology of basalts from the Eastern Volcanic Zone of
Iceland: a review of new and recent contributions
In 1979, Sveinn Peter Jakobsson published a comprehensive petrological survey of recent, i.e.
post-glacial, basalts from the EVZ of Iceland (Jakobsson, 1979). 211 subaerial basalt eruption
units were identified from nine volcanic systems in the EVZ on the basis of fieldwork, petrography
and major element analysis by XRF. The tectonic, petrographic and geochemical character of
each volcanic system – a term introduced by Jakobsson (1979) to incorporate both the volcanic
fissure swarms and central volcanoes – was described by synthesising new data with previous
work. Features and processes that occur across the EVZ were then identified and discussed.
Jakobsson (1979) divided the EVZ basalts into three series: an alkalic series erupted within
the Vestmannaeyjar system; a transitional alkalic series erupted within Hekla, Vatnafjöll, Tindf-
jallajökull, Torfajökull, Eyjafjallajökull and Katla systems; and finally, a tholeiitic series erupted
within the Grímsvötn and Veiðivötn systems. The generation of different rock series is attributed
to different melting processes under the off-axis EVZ; the main axial rift zone runs through the
Reykjanes Peninsula and WVZ, joining the NVZ via the MIB (Figure 1.5). A petrographic dis-
tinction between shallow-formed cotectic microphenocrysts and deep-formed macrophenocrysts
was proposed, and point-counting data were used to suggest that a number of eruptions, par-
ticularly those in the Veiðivötn system, have experienced macrophenocryst accumulation. The
presence of abundant gabbroic nodules is noted, and explained by the floatation of plagioclase-
rich crystal aggregates. A final important conclusion of Jakobsson (1979) was that ankaramites
associated with Eyjafjalljökull are the highest Mg# rocks that outcrop in the EVZ; no primitive
tholeiites had been reported in the EVZ as of 1979.
In this section, some of the key findings of this thesis are placed within the broader petro-
logical framework laid out by Jakobsson (1979). New observations are synthesised with those
from recent studies in order to evaluate how our understanding of the EVZ has developed since
the survey of Jakobsson (1979). Although Jakobsson (1979) discusses the petrology of alkalic
and transitional alkalic rocks from the southern portion of the EVZ, the following discussion
concentrates on the primary focus of this thesis: eruptions from the tholeiitic northern portion
of the EVZ.
A number of eruptions have occurred in the EVZ since 1979 (Thordarson & Larsen, 2007),
and detailed study of these has contributed significantly to the understanding of magmatic pro-
cesses on regional and global scales. The only tholeiitic system to have erupted is Grímsvötn.
Eruptions in 1983, 1998, 2004 and 2011 generated quartz tholeiitic basalts similar in compo-
sition to those erupted at Grímsvötn throughout the past 7000 years (Óladóttir et al., 2011;
Sigmarsson et al., 2013). The 1996 Gjálp eruption took place along a fissure stretching be-
tween the Grímsvötn and Bárðarbunga central volcanoes, and is notable because of the dev-
astating jökulhlaups (melt water floods) it generated (e.g. Guðmundsson et al., 1997). This
icelanditic (icelandite = Fe-rich basaltic andesite) eruption was geochemically distinct from the
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Figure 7.1: Summary diagram outlining the magmatic processes that occur within the
EVZ of Iceland as discussed in this thesis. Diverse mantle melts proceed along different
evolutionary paths as they cool, mix and crystallise across a wide range of depths in the
crust. Crystals are often processed via crystal mush zones, being entrained by melts that
are potentially unrelated to the melts from which they initially grew. Individual crystals
can preserve a record of being transferred between numerous distinct melt batches. While
deep degassing of CO2 can occur, some melts achieve CO2-supersaturation during ascent
from deeper to shallower reservoirs. The overburden during subglacial eruptions can play an
important role in controlling the H2O content of both erupted melts and melt inclusions.
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usual basaltic products of the Grímsvötn caldera (Steinthórsson et al., 2000; Sigmarsson et al.,
2000), indicating that magmatism under Vatnajökull may be significantly more complex than
that described by Jakobsson (1979). Geophysical monitoring techniques have improved substan-
tially since 1979, and enable the behaviour of subglacial volcanoes to be investigated in much
greater detail than previously possible (Alfaro et al., 2007).
EVZ volcanic systems with a transitional alkalic affinity have also erupted since 1979, but
will only be discussed briefly here. Hekla erupted in 1980–81, 1991 and 2000 and Eyjafjallajökull
in 2010. Moune et al. (2006, 2007) discuss the trace element and volatile content of both melt
inclusions and the eruption plume from the 2000 Hekla eruption, paying particular attention
to determining the total volatile budget of basaltic and icelanditic eruptions. Eyjafjallajökull
was intensively monitored before, during and after its 2010 eruption, providing a high quality
geophysical record of magmatic processes (Sigmundsson et al., 2010). Seismic records suggest
that magma was transported and stored within the mid crust (Tarasewicz et al., 2012), the
same depth interval in which most crystallisation is likely to have occurred in the Laki plumbing
(Chapter 3). Variability in the trace element content of olivine-hosted melt inclusions from the
Fimmvörðuháls flank eruption immediately preceding the more silicic summit eruption indicates
that diverse mantle melts are supplied to the base of the Eyjafjallajökull plumbing system
(Moune et al., 2012). These observations are directly analogous to those presented in this thesis
from the Laki and Skuggafjöll eruptions (Chapters 3 and 6). Thus magma reservoirs in the EVZ
process and homogenise variable mantle melts in the same way as they do elsewhere in Iceland
(Maclennan, 2008a).
Recent petrological study of the Grímsvötn volcanic system has focussed on the ad 1783–84
Laki eruption, in part because of its exceptional size, but also because of its relative accessibility
in contrast to the glaciated central volcano. Jakobsson (1979) comments on the work of Sigurðs-
son & Sparks (1978), who suggest that the Laki eruption was fed by lateral magma flow from
the Grímsvötn central volcano, which also erupted in 1784. Thordarson & Self (1993) question
the likelihood of lateral flow on the basis of a northeastward migration of volcanism with time
during the eruption, i.e. towards Grímsvötn. Although the findings of Chapter 3 cannot resolve
whether crystallisation occurred beneath the central volcano or under the fissure swarm, even
the 1–2 kbar pressure estimates from melt barometry are deeper than current estimates for the
summit magma reservoir (1.7 km (Hreinsdóttir et al., 2014)), and suggest that vertical rather
than lateral magma supply may be more likely. Given that there is no geophysical evidence for
ongoing magmatism under the Lakagígar cone row, it is probable that if magma were sourced
vertically it was processed via transient reservoirs that are no longer active.
Chapters 3 and 5, and Guilbaud et al. (2007) all validate the suggestion by Jakobsson
(1979) that large crystals (macrocrysts here; macrophenocrysts in Jakobsson (1979)) grew in
magma reservoirs at depth, whereas small crystals (groundmass grains here; microphenocrysts
in Jakobsson (1979)) grew during eruption and lava emplacement. The plg-ol-cpx order of
phase appearance proposed by Jakobsson (1979) for Laki is likely to reflect that high-anorthite
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plagioclase accumulation occurred in the early stages of magma evolution. Correspondingly
high-forsterite olivine is either not present or has been diffusively overprinted.
Although the Sr and O isotope content of the Laki eruption is homogeneous (Sigmarsson
et al., 1991), Passmore et al. (2012) report statistically significant variability in the major and
trace element content of the eruption. Passmore et al. (2012) attribute this variability to interac-
tion of ascending phyric melts with an evolved ferrobasalt melt lens in the shallow crust. In this
thesis, homogeneity of the erupted liquid, i.e. tephra glass, is explained by efficient concurrent
mixing and crystallisation of diverse parental magmas. A key observation of Sigmarsson et al.
(1991), and strengthened further by the findings of Bindeman et al. (2006), is that the Laki
magma has a distinctively light O isotope signature (δ18O ∼ 3.1%) in contrast to MORB (δ18O
∼ 5.5% (Kyser, 1986)). Bindeman et al. (2006) account for this disparity by invoking 25–40%
bulk dissolution of low δ18O hyaloclastite into the Laki magma prior to eruption. However,
the very low δ18O signature (<4.2%) is restricted to glasses and evolved olivine macrocrysts
(Fo<77), indicating that assimilation could have taken place after the mixing recorded in more
primitive macrocrysts was complete (Chapter 3). Measuring O isotopes within melt inclusions
may provide insights into the source of low δ18O in both the Laki eruption and Icelandic basalts
more generally (e.g. Hartley et al., 2013).
A number of eruptions in the Veiðivötn volcanic system have been investigated since the
study of Jakobsson (1979). The limits of this volcanic system have been extended, and the
Bárðarbunga central volcano is now considered as part of an extended Bárðarbunga-Veiðivötn
volcanic system (Jóhannesson & Sæmundsson, 2009). The Holuhraun eruption south of Askja
in the NVZ, has a trace element content indistinguishable from Veiðivötn basalts. This sug-
gests that the Bárðarbunga-Veiðivötn volcanic system extends further northeast than previously
thought (Hartley & Thordarson, 2013). However, determining what controls the segmentation
of Icelandic magmatism into geochemically distinct volcanic systems requires further study.
Macdonald et al. (1990) present a geochemical and petrological study of the Torfajökull
central volcano that confirms its transitional alkalic nature. McGarvie et al. (1990) and Zellmer
et al. (2008) discuss the relationship between Veiðivötn and Torfajökull, arguing that recent (ad
871 and 1477) bimodal volcanism in the two systems was triggered by interaction of tholeiitic
basalts from Veiðivötn with transitional alkalic basalts and rhyolites from Torfajökull. Results
presented in Chapter 4 indicate that the subglacial Skuggafjöll eruption has an unequivocally
tholeiitic composition, despite its proximity to Torfajökull. New data affirm that Skuggafjöll
is allied with the Bárðarbunga-Veiðivötn volcanic system, as initially suggested by Jakobsson
(1979) on the basis of a single XRF analysis. Both glasses and macrocrysts from the Skuggafjöll
eruption are similar in composition to those from post-glacial eruptions in the Veiðivötn system
(Hansen & Grönvold, 2000; Halldórsson et al., 2008). Therefore the findings of this thesis
support the assertion of Jakobsson (1979) that volcanism in the Veiðivötn system appears to
have migrated northwestwards between glacial and post-glacial times.
In this thesis, quantitative constraints have been placed on the nature of plagioclase (and
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olivine) accumulation in lavas from the Skuggafjöll eruption by investigating the causes of geo-
chemical variability within a suite of whole-rock samples (Chapters 4 and 5). The recent identifi-
cation of disequilibrium between primitive macrocrysts and their carrier melts in the Skuggafjöll
and Thjórsá eruptions (Chapters 5 and 6; Halldórsson et al. 2008) implies that multi-stage mag-
matic evolution is important and that melts do not differentiate along simple, single liquid lines
of descent. In contrast with Jakobsson (1979), both Hansen & Grönvold (2000) and Holness
et al. (2007) interpret gabbroic nodules from the Veiðivötn system as the disaggregated remnants
of crystal mushes rather than as floating crystal aggregates. A key finding from this thesis is
that the primitive macrocryst assemblage from the Skuggafjöll eruption has been processed via a
crystal mush (Chapter 5). Primitive macrocrysts represent the entrained remains of almost com-
pletely disaggregated mush; the glass-bearing nodules discussed by Hansen & Grönvold (2000)
and Holness et al. (2007) represent a partially disaggregated mush.
Despite considerable further research in the EVZ since 1979, the ankaramites of Eyjaf-
jalljökull represent the only primitive rocks known from the EVZ (Steinthórsson, 1964; Jakob-
sson, 1979). The hunt for primary melts from the EVZ continues, and the olivine-hosted melt
inclusions described in Chapters 3 and 4 represent the most primitive melt compositions cur-
rently known from the EVZ.
7.3 The importance of crystal mush formation and disaggrega-
tion in basalt petrogenesis
As microanalytical techniques have improved, it has become possible to determine not only the
major element structure of macrocrysts, but also their trace element and isotopic structure (e.g.
Davidson et al., 2007; Winpenny &Maclennan, 2011). Investigating crystal-melt relationships on
a zone-by-zone basis enables the full history of magmatic processes preserved within macrocrysts
to be revealed. An important finding of this thesis is that primitive macrocryst zones from both
the Laki and Skuggafjöll eruptions show evidence for having been entrained by evolved, and in
the case of the Skuggafjöll eruption more enriched, carrier melts prior to eruption (Chapters 3
and 5).
Orthocumulates perhaps represent the most clear example of solidified crystal mushes in
the plutonic realm (e.g. Wager et al., 1960), where intercumulus phases have crystallised from
evolved trapped liquids. In plutonic systems, post-emplacement compaction, compositional
convention and re-equilibration processes may overprint primary magmatic signals (e.g. Sparks
et al., 1985; McKenzie, 2011; Namur & Charlier, 2012). However, there has been increasing
recognition over the past decade or so that records of crystal mush processes are not restricted
to the plutonic realm; the macrocryst load of many basaltic magmas may be ultimately derived
from disaggregated crystal mushes. Records of mush processes extracted from volcanic samples
where complete solidification has been interrupted are likely to be less susceptible to the late-
stage overprints imposed during the cooling of plutonic bodies.
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Whilst fast spreading ridges maintain sufficient magma supply rates to sustain axial magma
reservoirs, lower magma supply rates at slow spreading ridges may result in the formation of
a partially molten mush zone that experiences only periodic recharge and eruption (Sinton
& Detrick, 1992). Hansen & Grönvold (2000) and Halldórsson et al. (2008) invoke a mush
zone model to explain the genesis of plagioclase ultraphyric basalts (PUBs) in Iceland. They
hence follow models of PUB formation proposed for other locations that explain plagioclase
accumulation by floatation (Flower, 1980; Cullen et al., 1989). Observations from the Skuggafjöll
eruption discussed in Chapter 5 suggest that plagioclase enrichment is instead imparted by
disaggregation of plagioclase-rich, non-cotectic mushes. The occurrence of evolved macrocrysts
in eutectic proportions precludes fractionation of primitive olivine and plagioclase during final
evolution and ascent. Models of plagioclase phryic basalt genesis by mush disaggregation rather
than macrocryst floatation have recently been proposed elsewhere (e.g. Costa et al., 2010; Lange
et al., 2013b). This thesis places quantitative constraints on the amount and composition of
entrained mush within a single highly phyric eruption.
Whilst this thesis focusses on the role of mush disaggregation in the formation of plagioclase-
rich basalts, it is important to note that crystal mushes are also likely to be important in the
generation of olivine-rich basalts. In their recent survey of Icelandic olivine compositions Thom-
son & Maclennan (2013) propose that the forsterite content of olivine often shows evidence for
diffusive re-equilibration within primitive mush piles prior to eruption. Disaggregation of olivine-
rich crystal mushes has also been proposed as a mechanism for producing olivine-rich basalts at
Piton de la Fournaise, Réunion (Albarède & Tamagnan, 1988; Welsch et al., 2013) and Hawai’i
(e.g. Wilkinson & Hensel, 1988). Determining the formation, behaviour and disaggregation of
crystal mushes is thus crucial to understanding basalt petrogenesis in its broadest sense. Further
research in both the volcanic and plutonic realms will provide new insights into the behaviour
of magma reservoirs and how crystals are stored and transported through magmatic plumbing
systems.
7.4 CO2 in basaltic magmas and melt inclusions: challenges and
opportunities
Determining the CO2 flux of basaltic volcanoes is important for a number of reasons; not only
do basalts contain information about the CO2 content of the mantle (Saal et al., 2002), but
emissions from basaltic volcanoes represent a substantial component of the total CO2 flux from
the solid earth to the atmosphere (Marty & Tolstikhin, 1998; Chavrit et al., 2014). Early
saturation of CO2 in basaltic magmas makes it difficult to determine their primary undegassed
CO2 content (Dixon, 1997; Ni & Keppler, 2013). Whilst using Nb as a proxy for primary CO2 is
appealing in its simplicity (e.g. Saal et al., 2002), incoherence in global primitive melt CO2/Nb
systematics makes selection of appropriate CO2/Nb values difficult (e.g. Cartigny et al., 2008;
Koleszar et al., 2009; Shaw et al., 2010).
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The initial aim of the work presented in Chapter 6 was to investigate how CO2/Nb varies in
primary undegassed melts of different enrichment. However, the shallow depth of magma storage
prevented the investigation of CO2/Nb systematics in CO2-undersaturated melts. Enriched
melts had experienced significant degassing prior to melt inclusion entrapment. Nevertheless,
correlations between CO2 and trace element ratios of melt inclusions suggest that melt mixing
can play an important role in controlling not only the trace element content of melt inclusions,
but also their volatile content. The spread of melt inclusion entrapment pressures at Skuggafjöll
of between 0.5 kbar and 1.5 kbar provides evidence for mixing between an initially undegassed
depleted melt and a degassed enriched melt. This lies in contrast to many prior studies that have
interpreted large variations in CO2 at a constant H2O as evidence for open system degassing
(e.g. Dixon & Stolper, 1995).
Although CO2-supersaturation has been reported in submarine basalts for some time (Fine &
Stolper, 1986; Dixon et al., 1988), improvements in both submarine sampling and microanalytical
techniques have led to an explosion in the number of instances of supersaturation identified
(e.g. LeRoux et al., 2006; Helo et al., 2011; Soule et al., 2012; Wanless & Shaw, 2012). In
contrast to these studies that report supersaturation at sea-floor pressures, Chapter 6 reports
supersaturation within a shallow magma reservoir. If CO2-saturation can be maintained during
ascent and emplacements at sea-floor pressures (Soule et al., 2012), it would appear possible,
perhaps even likely, that H2O-poor basalts will be supersaturated in CO2 when supplied to
shallow magma reservoirs. However, further work is required to determined how ascent rates
and paths affect the ability of melts to vesiculate and consequently lose volatiles (e.g. Pichavant
et al., 2013). The negative correlation of CO2 with melt enrichment would not have been robustly
recovered from datasets that were either small or lacked trace element analyses. As combined
trace element-volatile systematics are investigated in more eruptions, it is possible that further
instances of mixing between variably degassed melts will be observed.
Melt inclusions trapped early in the crystallisation of magmas can preserve records of the
evolution of their volatile content (Lowenstern, 1995). Numerous studies over the past 15 years
have demonstrated that melt inclusions are, however, rarely the perfectly closed systems they
are hoped to be. For example, the major element content of melt inclusions is prone to mod-
ification by both post-entrapment crystallisation and diffusive exchange with the host crystal
(e.g. Danyushevsky et al., 2000). Rapid H+ diffusion through host minerals can lead to either
the dehydration (Gaetani & Watson, 2000; Gaetani et al., 2012) or hydration (Chapter 6) of
inclusions. While CO2 is unable to diffuse through unfractured host crystals because of its
extreme incompatibility (Hauri et al., 2006), it can be sequestered into inclusion-hosted bub-
bles that nucleate on cooling (Anderson & Brown, 1993; Bucholz et al., 2013). The presence
of CO2-free inclusion-hosted bubbles in rapidly quenched melt inclusions from Skuggafjöll has
important consequences for determining the total CO2 content of melt inclusions: the assump-
tion that melt inclusions maintain equilibrium with the bubbles they host in rapidly quenched
melts is not always valid. Prior to analysis by FTIR or SIMS, inclusion-hosted bubbles should
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be investigated using Raman spectroscopy or heating/cooling stages to determine both whether
CO2 is present, and if so, how abundant it is. Bubble-melt disequilibrium does nevertheless
present an opportunity for investigating timescales of inclusion cooling: CO2 sequestration into
inclusion-hosted bubbles is likely to be controlled by diffusion, and, as such, minimum inclusion
cooling rates can be estimated by considering the diffusivity of CO2 within melt inclusions.
7.5 Future directions
7.5.1 The phase equilibria of variably enriched primitive basalts at moderate
pressures (1–7 kbar)
In order to study crystal-melt relationships, crystal melt-equilibria must be well understood.
Models of crystal melt-equilibrium are, however, only reliable within their calibrated range of
compositions and conditions. Petrological and geophysical estimates of magma storage depths
in Iceland range from shallow crust (Chapter 6; Hreinsdóttir et al. 2014), through the mid-crust
(Chapter 3; Ofeigsson et al. 2011; Tarasewicz et al. 2012), to the Moho (Winpenny & Maclennan,
2011). Few phase equilibria experiments have been carried out on basaltic compositions in
the 1–7 kbar pressure range (Tormey et al., 1987; Grove et al., 1992; Feig et al., 2006, 2010;
Villiger et al., 2007). As a consequence, the calibration of mineral-melt equilibria at conditions
relevant to magma storage in Iceland is incomplete. Incomplete calibration of clinopyroxene-
melt equilibrium at 1–7 kbar may partly account for the difference in magma storage depths
estimated by clinopyroxene-melt barometry (∼4 kbar) and those from melt inclusion entrapment
pressures (∼0.5 kbar) in the Skuggafjöll eruption.
Determining the phase equilibria of basalts in the 1–7 kbar pressure interval thus repre-
sents an important next step in improving the fidelity of petrological investigations of basaltic
magmatism in Iceland and beyond. Shorttle & Maclennan (2011) recently established that
enrichment in primitive Icelandic basalts (expressed as Nb/Zr) correlates with their major el-
ement content, such that at any given MgO content depleted melts have higher a Mg# and
Ca/Na than enriched melts as discussed on Chapter 3. Given that melt Mg# and Ca/Na deter-
mine the stability and composition of major macrocryst phases in basalts, (olivine (Roedder &
Emslie, 1970), clinopyroxene (Wood & Blundy, 1997) and plagioclase (Panjasawatwong et al.,
1995; Namur et al., 2011b)), changes in the degree of melt enrichment will thus affect equilib-
rium macrocryst assemblages. For example, the stability of both high-Mg# clinopyroxene and
high-anorthite plagioclase would be enhanced in depleted melts (Winpenny & Maclennan 2011;
Chapter 3), such that they appear on the liquidus earlier during the crystallisation of basaltic
liquids. Although crystallisation models based on currently available mineral-melt equilibria
can outline likely trends in macrocryst stability with melt enrichment (Figure 7.2), it is only by
conducting new experiments that the phase equilibria of variably enriched basalts will be fully
determined.
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Figure 7.2: Plots summarising the effect of enrichment on the phase equilibria of crys-
tallising basalts. Variably enriched melts were calculated by mixing depleted and enriched
end-member melts from Shorttle & Maclennan (2011). Crystallisation calculations were car-
ried out using Petrolog (Danyushevsky & Plechov, 2011) at 5 kbar and FMQ-1. The
olivine-only field is shaded grey and the olivine + plagioclase field coloured by the equi-
librium anorthite content of plagioclase. Black contoured lines show the stability field and
composition of clinopyroxene. (a) shows the effect of mixing the two end-members on phase
stability, and (b) shows the trace element content of melts associated with variably enriched
melts.
7.5.2 The behaviour of different solid phases in dynamic magma reservoirs
The disaggregation of non-cotectic crystal mushes is likely to be an important process in the
generation of phyric basalts. However, as discussed in Chapter 5, macrocryst assemblages must
still be fractionated in order to generate non-cotectic mushes. Fractionation of different phases
as a result of differing physical properties, such as density, size and interfacial properties, is a
likely mechanism for generating mineralogically stratified mushes. While many analogue exper-
iments have studied the behaviour of a single crystal phase in convecting magma reservoirs (e.g.
Sparks et al., 1984; Martin & Nokes, 1989), little work has been carried out on more complex
systems with multiple crystal phases, and where each crystal phase has a different density. New
insights could also be gained from numerical experiments (e.g. Dufek & Bachmann, 2010), but
are restricted by limitations in the knowledge of the physical properties of magmatic compo-
nents; calculating the density of plagioclase at magmatic temperatures is a particular problem.
Understanding how different crystal phases within magma reservoirs are fractionated from one
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another thus represents a crucial next step in understanding the occurrence of crystals in both
volcanic and plutonic rocks. Findings such as those presented here enable geologically relevant
conditions for new analogue and numerical experiments to be defined
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Appendix A
Sample locations
A.1 Sample locations: the ad 1783–84 Laki eruption
Table A.1: Locations and details of samples from the ad 1783–84 Laki eruption used in this
thesis. Samples were collected by Emma Passmore (Passmore, 2009; Passmore et al., 2012).
Eruption phase information sourced from Thordarson & Self (1993).
L, lava sample; T, tephra sample
Sample Type Latitude Longitude Fissure number/ Distance from Phase start
eruptive phase row (km) date
LAK01 L 64.0519 -18.4462 7 20.2 23/08/1783
LAK02 L 64.0520 -18.4454 7 20.2 23/08/1783
LAK03 L 64.0519 -18.4462 7 20.2 23/08/1783
LAK04 L 64.0519 -18.4462 7 20.2 23/08/1783
LAK05 L 64.0502 -18.4520 7 20.2 23/08/1783
LAK06 L 64.0507 -18.4402 7 20.2 23/08/1783
LAKt07 T 64.0148 -18.4043 1 0.2 08/06/1783
LAK08 T 64.0235 -18.3559 3 0.9 13/06/1783
LAK09 L 64.0229 -18.3538 3 0.9 13/06/1783
LAK10 L 64.0779 -18.1952 6 1.9 29/06/1783
LAK11 L 64.0779 -18.1952 6 1.9 29/06/1783
LAK12 L 64.1265 -18.1198 7 0.6 23/08/1783
LAK13 L 64.1269 -18.1198 7 0.6 23/08/1783
LAK14 L 64.1279 -18.1220 7 0.6 23/08/1783
LAK15 L 64.1215 -18.1197 7 0.6 23/08/1783
LAK16 L 64.1162 -18.1308 7 1.2 23/08/1783
LAK17 L 64.0864 -18.1694 6 1.3 29/06/1783
LAK18 L 63.9606 -18.3955 1 4.3 08/06/1783
LAK19 L 63.9606 -18.3955 1 4.3 08/06/1783
LAK20 L 63.9603 -18.3958 1 4.3 08/06/1783
LAK21 L 64.0283 -18.3182 3 0.4 13/06/1783
LAK22 L 64.0281 -18.3181 3 0.4 13/06/1783
LAKt23 T 64.0421 -18.3285 3 0.2 13/06/1783
LAKt24 T 64.0421 -18.3285 3 0.2 13/06/1783
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Table A.1 – continued from previous page
Sample Type Latitude Longitude Fissure number/ Distance from Phase start
eruptive phase row (km) date
LAKt25 T 64.0421 -18.3285 3 0.2 13/06/1783
LAK26 L 63.9117 -17.7981 7 33.6 23/08/1783
LAK27 L 63.8914 -17.7384 8 38.7 07/09/1783
LAK28 L 63.8914 -17.7384 8 38.7 07/09/1783
LAK29 L 63.8523 -17.8401 8 40 07/09/1783
LAK30 L 63.6256 -18.0209 4 69.2 23/06/1783
LAK31 L 63.6467 -18.0064 4 68.4 23/06/1783
LAK32 L 63.6734 -18.3083 5 53.7 30/06/1783
LAK33 L 63.6694 -18.3438 5 53.4 30/06/1783
LAK34 L 63.6345 -18.4254 5 60 30/06/1783
LAK35 L 63.6143 -18.3701 5 63.7 30/06/1783
LAK36 L 64.1653 -18.0765 10 0.2 24/10/1783
LAK37 T 64.1653 -18.0765 10 0.2 24/10/1783
LAK38 L 64.1704 -18.0375 10 0.2 24/10/1783
LAK39 T 64.1577 -18.0475 9 0.2 26/09/1783
LAK40 L 64.1543 -18.0586 8 0.2 07/09/1783
LAK41 T 64.1521 -18.0639 8 0.2 07/09/1783
LAK42 L 64.1496 -18.0707 8 0.2 07/09/1783
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A.2 Sample locations: the Skuggafjöll eruption
Table A.2: Locations and details of samples from the Skuggafjöll eruption collected as part
of this thesis.
L, lava sample; PG, pillow glass sample; H, hyaloclastite sample; Lith, hyaloclastite-hosted
lithic sample
Sample Type Latitude Longitude Elevation (m)
HOR-11-01 L+PG 63.9677 -18.6833 629
HOR-11-02 L+PG 63.9692 -18.6800 584
SKU-11-01 L+PG 63.9683 -18.6946 629
SKU-11-02 L+PG 63.9679 -18.7449 651
SKU-11-03 L+PG 63.9770 -18.7329 694
SKU-12-06 L+PG 63.9924 -18.6913 659
SKU-12-07 L+H 63.9924 -18.6910 648
SKU-12-08 H 63.9927 -18.6922 651
SKU-12-09 L+PG 63.9915 -18.6941 672
SKU-12-10 H 63.9921 -18.6928 680
SKU-12-11 H+Lith 63.9899 -18.6962 714
SKU-12-12 H+Lith 63.9861 -18.7034 757
SKU-12-13 H+Lith 63.9844 -18.7052 806
SKU-12-14 H+Lith 63.9815 -18.7056 790
SKU-12-15 L+PG 63.9820 -18.6937 686
SKU-12-16 L+PG 63.9811 -18.6906 652
SKU-12-17 H 63.9709 -18.7054 702
SKU-12-18 L+PG 63.9710 -18.7054 702
SKU-12-19 L+PG 63.9743 -18.7106 703
SKU-12-20 H+Lith 63.9766 -18.7221 858
SKU-12-21 H+Lith 63.9737 -18.7259 736
SKU-12-22 L+PG 63.9735 -18.7272 738
SKU-12-26 L+PG 63.9650 -18.6959 623
HOR-12-03 L+PG 63.9676 -18.6833 607
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Appendix B
Database of Icelandic melt
compositions: data sources
Table B.1: Data sources for database of Icelandic melt compositions. The number of major
element and trace element analyses reported in each source are also provided.
Source Majors Traces Source Majors Traces
Brandon et al. (2007) 13 – Macpherson et al. (2005) 5 11
Breddam (2002) 30 5 Melson et al. (2002) 6 –
Chauvel & Hémond (2000) 1 – Meyer et al. (1985) 1 –
Devey et al. (1994) 24 – Murton et al. (2002) 176 98
Eason & Sinton (2009) 10 – Nicholson et al. (1991) 30 3
Elliott et al. (1991) 5 – Peate et al. (2010) 23 26
Gee (1999) 194 – Schiellerup (1995) 21 –
Haase et al. (2003) 25 40 Schilling et al. (1983) 8 –
Hardarson et al. (1997) 109 10 Schilling et al. (1999) 18 –
Hémond et al. (1993) 25 – Sigurðsson & Sparks (1978) 16 –
Jakobsson et al. (2008) 332 – Sigurðsson (1981) 3 –
Jónasson (2005) 12 6 Sinton et al. (2005) 258 –
Kokfelt et al. (2006) 35 46 Skovgaard et al. (2001) 20 15
Kuritani et al. (2011) 1 4 Slater et al. (2001) 73 54
Kurz et al. (1985) 2 – Stracke et al. (2003) 9 11
Maclennan et al. (2001b) 55 16 Sun et al. (1979) 2 –
Maclennan et al. (2003b) 108 49
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Appendix C
Quantifying controls on the trace
element content of melt inclusions
The ability of binary mixing and fractional crystallisation to account for the trace element
variability in Skuggafjöll mechanisms was determined using the method of Maclennan (2008a),
which is briefly summarised below. If binary mixing is able to explain trace element diversity of
melt inclusion compositions then, once enriched and depleted end-members (with compositions
given by Ce and Cd respectively) have been assigned, the fraction of enriched end-member (Xe)
in each inclusion can be calculated. It follows that the fraction of depleted end-member (Xd)
is given by 1 −Xe. In order to determine Xe, the following forward model was set up to take
account of the extent of fractional crystallisation experienced by each inclusion (F ) as well as
differences in the degree of melt evolution between the two end-members (Fe):
C =
[
XeCe
1− Fe + (1−Xe)Cd
]
(1− F )D−1 (C.1)
where C is the concentration of an element in a melt inclusion and D is the bulk partition coeffi-
cient of the assemblage undergoing fractional crystallisation. Bulk D values used in calculations
presented here assume crystallisation of a eutectic gabbro (plg:cpx:ol ∼ 55:30:15) at 1200°C
and 0.5 kbar. Partition coefficients for individual phases were calculated using the models of
Bindeman & Davis (2000) and Blundy & Wood (1991) for plagioclase, Wood & Blundy (1997)
and Hill et al. (2010) for clinopyroxene and Bédard (2005) for olivine.
In the case of calculations on the Skuggafjöll eruption, (Chapter 6), the following misfit
function, summed over all elements i to N , was minimised by varying Xe and F using Nelder-
Mead minimisation implemented by the optim command in the R programming language:
Θ =
N∑
i=1
(
Cobsi − Ccalci
σi
)2
(C.2)
The difference between observed and calculated composition of elements (Cobsi − Ccalci ) was
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divided by the precision (σi) to weight the misfit function in favour of well determined compo-
sitions. Variations in Fe were not considered in the case of Skuggafjöll because both enriched
and depleted end-member melts are hosted in olivine macrocrysts of the same forsterite content.
Misfit minimisation was also carried out using a full suite of trace elements (Figure 6.4).
Calculations performed on the Laki eruption presented in Chapter 3 were undertaken in a
slightly different way: optimisation was carried out using the amoeba subroutine described by
Press et al. (1992) on a restricted suite of trace elements (La, Ce, Sm, Nd, Dy, Er and Yb) and
the misfit function was weighted in favour of fitting La/Yb.
In order to compare trace element variability in melt inclusions from different eruptions with
different trace element contents, Maclennan (2008a) defines the Þ parameter that normalises
values of Xe in melt inclusions from each flow to the average composition of that flow as follows:
Þk = X
i,j
e − X¯je√
X¯je (1− X¯je )
(C.3)
where Xi,je is the fraction of the enriched end-member in the ith inclusion in the jth eruption,
and X¯je is the average fraction of the enriched end-member in samples from the jth eruption. k
refers to the kth inclusion from the database of inclusions considered, which may be drawn from
one or more eruptions. It is thus possible to evaluate trace element variability in melt inclusions
from a range of eruptions with different characteristic trace element contents (Figure 3.12a).
Given that the variance of an unmixed batch of melts within a single eruption (σ2o) is given
by:
σ2o = Xe(1−Xe) (C.4)
it is possible to define the extent of mixing (M) following any extent of crystallisation by:
M = 1−
(
σ2
σ2o
)
(C.5)
where σ2 is the variance of a partially mixed melt batch. It is possible to extend the calculation
ofM to consider multiple eruptions, using Þ values from k = 1, . . . , N inclusions (Figure 3.12b):
M = 1−
N∑
k=1
Þ2k
N
(C.6)
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Fits to correlations between
whole-rock compositions and
macrocryst mass fractions
Tables summarising the results of fits to correlations between whole-rock compositions and the
total macrocryst mass fraction or individual macrocryst phase mass fractions are presented on
the following pages.
r, regression coefficient; c, intercept at 0% macrocrysts; c error, 1σ error in intercept; m, slope;
m error, 1σ error in slope; and P macro, predicted composition at 100% macrocrysts.
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Table D.1: Fits to correlations between whole-rock compositions and total macrocryst mass
fraction in Skuggafjöll samples.
Element r c c error (1σ) m m error (1σ) P macro
XRF
SiO2 (wt.%) −0.78 49.55 0.1174 −0.0292 0.0037 46.63
Al2O3 0.73 13.22 0.2877 0.1309 0.0101 26.31
FeOt −0.71 11.86 0.2683 −0.0738 0.0084 4.48
MgO −0.74 8.03 0.0422 −0.0367 0.0016 4.36
CaO 0.74 12.02 0.1254 0.0317 0.0041 15.19
Na2O −0.07 1.90 0.0271 −0.0082 0.0010 1.08
K2O −0.56 0.18 0.0083 −0.0010 0.0003 0.07
TiO2 −0.72 1.67 0.0589 −0.0116 0.0018 0.51
MnO −0.75 0.20 0.0302 −0.0012 0.0009 0.08
P2O5 −0.65 0.14 0.0066 −0.0009 0.0002 0.04
Nb (ppm) −0.78 10.07 0.0797 −0.1004 0.0030 0.03
Zr −0.78 109.65 0.4807 −1.0439 0.0209 5.26
Y −0.80 32.14 0.1351 −0.3091 0.0060 1.23
Sr 0.71 140.93 0.2218 0.4894 0.0110 189.88
Rb −0.71 4.26 0.1609 −0.0388 0.0049 0.38
Zn −0.78 114.51 0.5007 −1.0585 0.0216 8.66
Cu −0.70 142.01 0.5352 −1.2247 0.0251 19.54
Ni 0.39 78.58 0.6020 0.2708 0.0225 105.65
Cr −0.50 277.50 2.1766 −1.0571 0.0707 171.79
V −0.79 384.61 1.5684 −3.4804 0.0691 36.57
Ba −0.05 34.87 1.6512 −0.1006 0.0529 24.81
Sc −0.73 54.15 0.5367 −0.4405 0.0188 10.10
ICP-MS
La (ppm) −0.75 6.97 0.1634 −0.0551 0.0052 1.46
Ce −0.67 17.15 0.4364 −0.1295 0.0138 4.20
Pr −0.64 2.56 0.0654 −0.0193 0.0021 0.63
Nd −0.68 12.56 0.3150 −0.0970 0.0100 2.86
Sm −0.68 3.67 0.0996 −0.0282 0.0031 0.85
Eu −0.75 1.33 0.0316 −0.0091 0.0010 0.42
Gd −0.66 4.59 0.1090 −0.0343 0.0035 1.16
Tb −0.68 0.79 0.0202 −0.0059 0.0006 0.20
Dy −0.68 5.03 0.1190 −0.0389 0.0038 1.14
Ho −0.66 1.01 0.0278 −0.0072 0.0009 0.29
Er −0.62 2.95 0.0719 −0.0226 0.0023 0.69
Tm −0.69 0.44 0.0097 −0.0035 0.0003 0.09
Yb −0.63 2.64 0.0693 −0.0192 0.0022 0.72
Lu −0.59 0.39 0.0102 −0.0028 0.0003 0.12
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Table D.2: Fits to correlations between whole-rock compositions and clinopyroxene mass
fraction in Skuggafjöll samples.
Element r c c error (1σ) m m error (1σ) P macro
XRF
SiO2 (wt.%) −0.15 48.98 0.2330 −0.0693 0.0538 42.05
Al2O3 0.00 −2.93 16.3638 6.6428 5.5007 661.35
FeOt −0.01 7.33 0.4118 0.6260 0.1426 69.93
MgO −0.09 13.04 3.3903 −2.0061 1.1292 −187.57
CaO 0.00 12.94 0.4550 0.0029 0.0984 13.23
Na2O 0.54 1.22 0.1018 0.1330 0.0348 14.52
K2O 0.23 0.13 0.0098 0.0034 0.0023 0.47
TiO2 −0.01 1.30 0.0887 0.0009 0.0190 1.38
MnO −0.04 0.16 0.0216 −0.0002 0.0043 0.14
P2O5 0.08 0.10 0.0073 0.0011 0.0016 0.21
Nb (ppm) −0.03 66.92 147.4193 −19.9062 49.1325 −1923.70
Zr −0.01 518.97 650.3639 −146.1516 216.7042 −14096.19
Y −0.02 89.38 48.3943 −21.9105 16.1105 −2101.67
Sr 0.10 100.69 22.3360 17.4989 7.4180 1850.58
Rb 0.03 1.79 0.2216 0.3544 0.0768 37.23
Zn −0.02 277.90 123.7701 −64.1210 41.1905 −6134.19
Cu −0.14 278.40 85.5223 −55.9134 28.4355 −5312.94
Ni −0.01 35.79 38.7790 16.8196 12.9569 1717.75
Cr −0.32 60.91 224.4931 61.8943 75.2150 6250.34
V −0.05 781.98 237.9985 −163.7930 79.1057 −15597.31
Ba 0.56 19.30 1.6130 3.4528 0.5211 364.58
Sc −0.02 134.88 82.8807 −31.0571 27.6340 −2970.83
ICP-MS
La (ppm) 0.04 58.00 452.3273 −17.5381 150.7976 −1695.82
Ce 0.13 7.67 1.2050 1.6630 0.4322 173.97
Pr 0.14 1.01 0.3460 0.2960 0.1239 30.62
Nd 0.13 5.50 1.0037 1.2436 0.3610 129.85
Sm 0.09 1.73 0.1983 0.3192 0.0713 33.64
Eu 0.03 0.76 0.0533 0.0842 0.0186 9.18
Gd 0.12 1.86 0.6219 0.5261 0.2228 54.47
Tb 0.10 0.36 0.0635 0.0766 0.0230 8.02
Dy 0.10 −136.48 5046.9834 46.7847 1682.1814 4542.00
Ho 0.11 0.53 0.0426 0.0714 0.0149 7.67
Er 0.16 −1.97 17.5625 1.4092 5.8915 138.95
Tm 0.10 −4.56 57.2601 1.6315 19.0867 158.59
Yb 0.15 1.30 0.1469 0.2230 0.0526 23.60
Lu 0.12 0.18 0.0395 0.0402 0.0143 4.20
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Table D.3: Fits to correlations between whole-rock compositions and olivine mass fraction
in Skuggafjöll samples.
Element r c c error (1σ) m m error (1σ) P macro
XRF
SiO2 (wt.%) −0.42 50.75 0.6963 −0.9710 0.3525 −46.35
Al2O3 0.45 6.00 3.2615 5.3713 1.6418 543.14
FeOt −0.42 16.81 2.0585 −3.3764 1.0326 −320.84
MgO −0.48 9.84 0.7738 −1.3775 0.3863 −127.91
CaO 0.46 10.50 0.7726 1.1636 0.3911 126.85
Na2O −0.20 5.03 4.7885 −1.6916 2.4193 −164.13
K2O −0.38 0.24 0.0458 −0.0451 0.0226 −4.27
TiO2 −0.42 2.37 0.3200 −0.4863 0.1595 −46.26
MnO −0.46 0.19 0.0385 −0.0100 0.0154 −0.81
P2O5 −0.41 0.20 0.0327 −0.0391 0.0161 −3.72
Nb (ppm) −0.41 14.93 2.4186 −3.7609 1.2111 −361.17
Zr −0.43 162.46 24.3544 −39.8557 12.1744 −3823.11
Y −0.44 46.82 6.5364 −11.2925 3.2631 −1082.43
Sr 0.40 120.32 9.4851 16.2243 4.7364 1742.75
Rb −0.41 6.61 1.1008 −1.6421 0.5537 −157.60
Zn −0.40 171.68 26.5628 −42.2901 13.2862 −4057.33
Cu −0.42 197.20 23.7371 −42.4186 11.8404 −4044.66
Ni 0.20 55.40 11.8139 15.3569 5.9436 1591.09
Cr −0.23 466.43 175.3748 −109.7524 88.6311 −10508.81
V −0.40 566.05 83.1578 −135.7448 41.5696 −13008.43
Ba −0.23 155.19 181.6128 −61.1311 91.8549 −5957.92
Sc −0.41 78.99 12.0505 −18.2838 6.0413 −1749.40
ICP-MS
La (ppm) −0.44 10.14 1.4599 −2.2844 0.7337 −218.31
Ce −0.41 26.62 4.7493 −6.3832 2.3962 −611.70
Pr −0.43 3.92 0.6417 −0.9268 0.3231 −88.75
Nd −0.43 18.94 3.0300 −4.4234 1.5259 −423.40
Sm −0.41 5.67 0.9532 −1.3572 0.4804 −130.04
Eu −0.43 1.85 0.2407 −0.3741 0.1211 −35.56
Gd −0.42 6.98 1.1493 −1.6316 0.5790 −156.18
Tb −0.43 1.20 0.1872 −0.2795 0.0942 −26.74
Dy −0.43 7.59 1.1848 −1.7736 0.5960 −169.77
Ho −0.43 1.52 0.2383 −0.3447 0.1201 −32.95
Er −0.41 4.67 0.8365 −1.1479 0.4214 −110.12
Tm −0.41 0.68 0.1114 −0.1628 0.0560 −15.60
Yb −0.43 4.07 0.6508 −0.9500 0.3277 −90.93
Lu −0.43 0.61 0.0945 −0.1407 0.0475 −13.46
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Table D.4: Fits to correlations between whole-rock compositions and plagioclase mass
fraction in Skuggafjöll samples.
Element r c c error (1σ) m m error (1σ) P macro
XRF
SiO2 (wt.%) −0.79 49.42 0.0987 −0.0324 0.0040 46.18
Al2O3 0.78 13.82 0.2297 0.1444 0.0102 28.26
FeOt −0.76 11.57 0.2157 −0.0831 0.0085 3.25
MgO −0.76 7.78 0.0299 −0.0364 0.0014 4.15
CaO 0.78 12.14 0.1044 0.0364 0.0043 15.77
Na2O −0.18 1.81 0.0203 −0.0066 0.0009 1.15
K2O −0.64 0.17 0.0069 −0.0013 0.0003 0.05
TiO2 −0.76 1.63 0.0490 −0.0133 0.0019 0.30
MnO −0.79 0.20 0.0263 −0.0015 0.0010 0.05
P2O5 −0.71 0.14 0.0055 −0.0011 0.0002 0.02
Nb (ppm) −0.82 9.60 0.0631 −0.1089 0.0029 −1.29
Zr −0.83 105.40 0.3469 −1.1560 0.0199 −10.20
Y −0.84 30.86 0.0939 −0.3426 0.0057 −3.40
Sr 0.73 143.06 0.1651 0.5567 0.0128 198.73
Rb −0.76 4.13 0.1293 −0.0446 0.0050 −0.33
Zn −0.83 110.04 0.3601 −1.1668 0.0206 −6.64
Cu −0.72 136.39 0.3634 −1.3443 0.0239 1.97
Ni 0.41 80.88 0.4807 0.2435 0.0221 105.24
Cr −0.47 270.03 1.9306 −1.0576 0.0788 164.27
V −0.83 369.82 1.0943 −3.8515 0.0655 −15.33
Ba −0.16 36.17 1.1359 −0.1831 0.0457 17.86
Sc −0.78 51.75 0.4206 −0.4637 0.0182 5.37
ICP-MS
La (ppm) −0.80 6.74 0.1265 −0.0613 0.0050 0.61
Ce −0.74 16.66 0.3319 −0.1462 0.0132 2.04
Pr −0.71 2.48 0.0481 −0.0214 0.0019 0.34
Nd −0.75 12.17 0.2380 −0.1084 0.0095 1.33
Sm −0.74 3.56 0.0765 −0.0318 0.0030 0.38
Eu −0.80 1.30 0.0252 −0.0103 0.0010 0.27
Gd −0.73 4.45 0.0823 −0.0380 0.0033 0.65
Tb −0.74 0.77 0.0152 −0.0066 0.0006 0.11
Dy −0.74 4.86 0.0897 −0.0428 0.0036 0.58
Ho −0.73 0.98 0.0214 −0.0082 0.0008 0.16
Er −0.69 2.85 0.0524 −0.0247 0.0021 0.38
Tm −0.75 0.43 0.0073 −0.0039 0.0003 0.04
Yb −0.70 2.57 0.0518 −0.0216 0.0020 0.41
Lu −0.65 0.38 0.0075 −0.0030 0.0003 0.08
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